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ABSTRACT

Various approaches to the brittle fracture problem were
reviewed and evaluated in terms of their applicability for satisfying
ATAC's need for engineering procedures to be applied to materials
selection and design criteria for the prevention of fracture in the fu-
ture use of high-strength materials. Linear elastic fracture mechanics
technology was selected as the most applicable approach.

A comprehensive review of the state of the art in fracture
mechanics technology is presented. The fracture mechanics data avail-
able in the literature for high-strength steels, aluminum and titanium
alloys were reviewed and evaluated with respect to their validity as
fracture toughness parameters. All applicable fracture toughness data
are tabulated. Additional fracture toughness (KIc) data were generated
in the program for HP 9-4-25 steel, TO79-T6 aluminum and 6AL-4V titanium.
Crack growth rates as a function of the stress intensity (KI) were also
determined for the steel and aluminum alloys.

Engineering procedures and criteria for utilizing fracture
mechanics technology were developed. Their application is illustrated
by solutions to realistic hypothetical problems in the areas of design;
evaluation and selection of materials; evaluations of nondestructive
inspection capabilities; establishment of specificatidns, acceptance
standards, and quality control procedures; and evaluating overall per-
formance and life expectancy characteristics of the finished product.
Detailed considerations in all of these areas are exemplified by solutions
of problems assoclated with the design and production of a hypothetical

pressure vessels.




FOREWORD

For the convenience of the reader, this report has been divided
iﬁto 12 major divisions, each of which is separated by an index tab.
The material within any division deals with a given subject and essentially
is a self-~contained unit. A table of contents and a list of tsbles and
1llustrations is provided at the beginning of each division. Similarily
the references for each division are provided at the end of each division
and the figures and tables are integrated within the text. Thus, the |
reader can readily focus attention to divisions of particular interest

to his aptivity. j
The 12 major divisions are as follows: z

" Division : Section Numbers Contents (
1. 1. through 5. General description
of program
2. 6.1 Review and selection ?
of an approach (
3. 6.2 State-of -the-art |

for linear elastic
fracture mechanics

k. ' 7.1 Fracture toughness
(Kgo) data from
literature

5. ' T.2 Generation of frac-

ture toughness data

6. 7.3 Generation of crack
growth rate data

T. 8.1 ‘ Introduction to the
application of fracture
mechanics technology

8. 8.2 Information required
in utilizing fracture
mechanics technology




10.

11.

12.

8.3

8.4

Appendex I

Appendex II

Application of the
technology

Example problems
for a hypothetical
pressure vessel

Tabulation of Ky,
fracture toughness
data

Ultrasonic method
for detecting
fracture initiastion
and crack extension

A more detailed description of the material contained within

each section of each division may be derived from the Table of Contents
which fecllows.

iii
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Section 1

INTRODUCTION

1.1 GENERAL BACKGROUND AND PROBLEM AREAS

The potential of brittle failure is inherent in the use of
high-strength, low-toughness materials which are subjected to high
stresses. The present trend toward higher strength materials, higher
applied stresses, larger structures and thicker seétions further serves
to aggravate the brittle fracture problem. In order to minimize weight,
the design safety factors in many applications are, by necessity, rela-
tively low. 1In effect, then, modern applications demand that the utmost
performance be exacted from the available materials. This type of
situation, therefore, requires an intimate knowledge of the capabilities
and limitations of the materials that are contemplated or employed, as
well as the use of a modern design philosophy.

Although not currently experiencing any significant amount of
brittle fracture problems, the U.S. Army Tank-Automotive Center, antici-
pating the need for light-weight, highly mobile vehicles, initiated this
program to circumvent fracture problems that could arise when the higher
strength materials are used in future applications. The objective of
the program was to provide the materials and design engineers with the
basic information, procedures, criteria, and data that are necessary to
properly coordinate material application and design considerations for
the prevention of brittle fracture. In effect, this final report is
intended not only to provide a comprehensive review of the state of the
art, but also to serve as a primer in the use of a modern approach to
the combined problem of selection of materials and design against
brittle failure.




1.2 PHASES OF THE PROGRAM

The program consisted of three phases. Phase I involved a
review and evaluation of available information concerning the various
approaches to design against failure, a comparison of the general appli-
cability of the approaches, the selection of the most universal approach,
and a summary of the current state of the art for the approach selected.
Phase II consisted of tabulating all of the pertinent, valid data avail-
able from the literature, identifying the areas of missing data, and
performing tests to obtain some necessary data. Phase III developed
procedures and criteria and illustrates the application of the selected
approach and data to the solution of engineering problems involving
selection of materials and design against fracture.

The materials of interest are intermediate- to high-strength
steels, and high-strength aluminum and titanium alloys. The application
is related to heavy-section tank and automotive components other than

armor.

1.3 AUTHORIZATION FOR THE PROGRAM

The work described in this report was authorized by the U.S.
Army Tank-Automotive Center (ATAC), Warren, Michigan, under contract
DA-30-069-AMC-602(T), Department of the Army Project Number 1,
DO-24401-A-105, Ordnance Management Structure (OMS) Code Number
5025.11.26800.01.01. Technical administration of the contract was the
responsibility of V. H. Pagano, Section Chief, Metals Section, Materials
Laboratory, ATAC. The original ATAC project engineer was C. J. Kropf,
and Mr. Kropf was subsequently replaced by E. Moritz.




Section 2

OBJECT

The overall objective of the program is to provide materials
and design ehgineers with data, criteria, and procedures which can be
employed to circumvent brittle failure, with particular emphasis on the
future use of high-strength materials. Each of the three phases of the
investigation have associated sub-objectives as follows:

Phase I - Review and evaluate the available approaches, and
select that approach which is most universally applicable to ATAC's
requirements.

Phase II - Review, evaluate, and tabulate pertinent data
available in the literature, and conduct tests to generate missing data.

Phase III - Develop criteria and procedures for material selec-
tion and design against brittle fracture, and illustrate their use in the
solution of realistic engineering problems.




Section 3

SUMMARY

In Phase I, several approaches to the brittle fracture problem
were reviewed and evaluated in terms of their applicability to ATAC's
future need for high-strength materials. The various criteria and ap-
proaches are divided into two general categories: (1) the transition
temperature approaches and (2) the stress analysis approaches. Several
other specific criteria are also described and evaluated.

The linear-elastic fracture mechanics approach was selected as
being most universally applicable to the future use of high-strength
materials. Therefore, a comprehensive state-of-the-art review of this

approach is provided in the report. Although the transition temperature

approach was judged to be inadequate for satisfying ATAC's needs involving

high-strength materials, a comprehensive review of this approach was also
provided, insofar as it may be usefully applied, to the lower-strength
materials currently in use.

The first task in Phase II consisted of a comprehensive review
of the literature to obtain valid linear-elastic fracture mechanics data.
Metals of possible interest to ATAC were included, e.g. steels, aluminum,
and titanium alloys. Approximately 100 references whose titles and
abstracts suggested the use of some form of fracture mechanics were re-
viewed. The validity of these data was then evaluated using the most
current published criteria for analyzing tests and data, and 27 were
found to contain plane strain fracture toughness data which were judged
to be valid. These data were extracted from the references and are pre-
sented in tabular or graphical form. Represented in these data are sev-
eral steels of the quenched-and-tempered, maraged, or precipitation-
hardened types; three titanium alloys; and three aluminum alloys.



The second task in Phase II consisted of conducting tests to
obtain fracture-mechanics fracture toughness data. With the concurrence
of ATAC, three materials of possible future interest were selected for
testing-~one alloy representative of each of three classes of materials
(steel, aluminum, and titanium). These alloys were: HP 9-k-25 steel
quenched and tempered to 175,000 psi yield strength, 7079-T6 aluminum at
65,000 psi yield strength, and 6Al-4LV titanium solution treated and aged
to 145,000 psi yield strength. In addition to K;. fracture toughness
measurements,* the slow crack growth rates under cyclic loading were
determined for the HP 9-4-25 steel and the 7079-T6 aluminum alloy. The
growth rates were measured and the data are presented in terms of "K',
the stress intensity factor.

Phase III describes the procedures and criteria that are em-
ployed in the utilization of the linear-elastic fracture mechanics approach
to the brittle fracture problem. Both fracture toughness and slow crack
growth paraméters are used in the illustrations and in the discussions
of the pertinent areas of material evaluation and selection, design,
'specifications; inspection and quality control, and performance and life
expectancy evaluations.

Example solutions to realistic, hypothetical problems are
provided. These involve considerations of such factors as: critical
defect sizes, shapes and distributions; critical applied stresses for
various defects, geometry and loading conditioms; the slow growth of
flaws under cyclic‘or sustained loading from a sub-critical size to a
critical sigze; the relationship of nondestructive inspection capabilities
to the defects of concern; and the establishment of specifications and
acceptance criteria. Wherever possible, step-by-step procedures are out-
lined, and their application to materials selection and design are illus-
trated. All of the various considerations and their interreactions are
illustrated by conduéting a complete analysis of all of the factors in-
volved in a hypothetical pressure vessel--from initial design considera-

tions to evaluations of life expectancy in the finished product.

*Ki = Critical stress intensity factor for unstable crack propagation
for the opening mode of fracture (I).

6
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Section 4

CONCLUSIONS

Phase T

Of the épproaches which were evaluated, the linear-elastic
fracture mechanics type of stress analysis approach is deemed to be the
most applicable for satisfying ATAC's need for design and material selec-
tion criteria for the prevention of fracture in the future use of high-
strength materials. The approach is not limited to high-strength, low-
toughness materials, but is applicable to any material for which proper

fracture toughness parameters can be determined.

Phase II

A large portion of the fracture toughness (Kic) data which are
available in the literature was judged to be either invalid or of ques-
tionable validity. The limited amount of published fracture toughness
datse which did conform to the general requirements for valid plane strain
toughness testing is tabulated. The toughness of a given material can
vary considerebly with various metallurgical parameters; therefore, the
material used to establish toughness data must be nearly identical to
that used in any given application.

Tests conducted during this program provided additional frac-
ture toughness data on HP 9-4-25 steel, 7079-T6 aluminum and 6Al-LV
titanium for the temperature range of -75°F to lSOoF. Kic for these
alloys was found to be temperature insensitive, the respective average
values being 110, 35, and 70 ksi Jin. Crack growth rates as a function
of K., under cyclic loading were also determined for the steel and the

I
aluminum alloys.



Phase III1

When properly employed within the limits of the basic principles,
linear-elastic fracture mechanics technology provides engineering proce-
dures and criteris that can be used by designers and materiels engineers
to obtain quantitative answers to fracture problems. The technology is
not restricted to considerations involving catastrophic failure upon a
single application of load, but is also applicable to problems involving
the slow growth of defects under cyclic or sustained loading conditiomns.
The procedures and criteria are applicable to the areas of design, material
evaluation and selection, establishment of specifications and acceptance
criteria, quality control during fabrication, proof testing and life ex-

pectancy evaluations.




Section 5

RECOMMENDATIONS

As a result of this program, and in view of the continuing
advancements in fracture mechanics technology, the following recommenda-
tions are provided:

1. A continuing program should be established whereby ATAC
can keep abreast of the rapid advancements being made in fracture mechanics
technology.

2. A development-type program should be initiated to study the
potential of extending linear-elastic fracture mechanies technology, or
elastic-plastic modifications thereof, to the low- and intermediate-
strength materials of current and near-future interest.

3. Analytical and experimental work should be started to de-
velop fracture mechanics expreésions for any unique combined-loading and
defect-geometry situations for which no current solutions exist.

Since the current and near-future interests of ATAC evolve
around materials of intermediate strengths, consideration of the second
recommendation appears appropriate. The applicability of linear-elastic
fracture mechanics technology for the higher-toughness, intermediate-
strength materials is relatively unexplored. Depending upon the actual
section sizes and materials involved, it is possible that plane strain
conditions will not prevail for some of the applications of interest.
Hence, linear elastic principles will not be applicable in their present
form, and some modifications in the direction of élastic-plastic considera-
tions may be required. Therefore, some preliminary efforts to explore
this area appears advisable.

The fourth recommendation concerns a problem ares which needs
some resolution before fracture mechanics technology can be fully utilized.

Many of the components of interest, i.e., axles, drive shafts, torsion




bars, etc., are subjected to combined loading such as torsion and bending.
At the present time there are no fracture mechanics expressions (relating
KIc toughness, applied stress and defect size) that are applicable to
these unique conditions of loading and to some unigque combinations of
defect and component geometry that are envisioned. Therefore, it appears
highly desirable to initiate some effort to analyze these situations and
to attempt to develop the required expressions.

10
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Section 6

FHASE I - GENERAL REVIEW AND SELECTION OF AN APPROACH

6.1 REVIEW OF GENERAL APPROACHES TO BRITTLE FRACTURE

6.1.1 INTRODUCTION AND ATAC PHILOSOPHY

Prior to selecting an approach to be employed throughout the
program, it was deemed advisable to review the various brittle fracture
approaches that have been employed or suggested, and to evaluate these
in terms of their applicability to ATAC's requirements. It was recog-
nized that the most widely used approach is the ductile-to-brittle
transition temperature approach. However, it was also recognized that
the transition temperature approach lacked much of the quantitativeness
that was required, and its applicability was questionable with respect
to the use of the higher strength materials. The potential of the more
recently developed linear elastic fracture mechanics approach (commonly
referred to as "fracture mechanics", "fracture toughness", or 'crack
toughness' ) to provide quantitative answers was also recognized. While
primary consideration was given to these two approaches, several other
approaches were also evaluated. The following sections are devoted to
discussions of the wvarious approaches.

The first section (6.1.2) which follows provides a rather com-
prehensive review of the various types of approaches which fall into the
general category of transition temperature approaches. While it was
generally recognized that these approaches would not be applicable to the
future use of high strength materials, it was believed that a thorough
description and discussion of the transition temperature criteria would
be of wvalue in the use of the lower strength materials.

The other approaches are described in the next section (6.1.3)

under the general heading of "stress analysis approaches”. Included are

15




the various stress and strain criteria considered to be in the general
fracture mechanics category. The linear elastic fracture mechanics
approach, which is receiving much current attention, is one of the

criteria considered.

6.1.2 THE DUCTILE-TO-BRITTLE TRANSITION TEMPERATURE APPROACH

Because of the vast experience and general usage of this
approach, a relatively comprehensive discussion is presented. The
transition temperature approach has been in use for many years. The
basic philosophy is relatively simple - a material has a characteristic
temperature below which it is susceptible to low-stress, brittle-fracture
in the presence of sharp defects, and above which brittle fracture does
not occur. Above the transition temperature the behavior of the material
containing defects is controlled by the conventional plastic properties.
Innumerable tests employing both static and dynamic loading are utilized
to measure the transition temperature, but all of these have one common
feature: In the presence of a sharp notch or defect the material under-
goes an abrupt transition from a ductile to a brittle behavior over a
narrow range of temperature as measured by the change in some property.
The various tests, properties, and criteria can be grouped into one of
the four general categories which follow.

1. The temperature at which the capacity of the material for
gross plastic deformation in the presence of a very sharp notch or crack
decreases rapidly to essentially zero (tough-frangible transition

temperature).
2. The temperature at which the mode of fracture propagation

readily changes with decreasing temperature from fibrous to cleavage, or

from a full shear to a flat fracture surface (fracture mode transition

temperature ).
3. The temperature at which the fracture strength of a sharply

notched or pre-cracked specimen decreases rgpidly from values which are
well above to values which are well below the conventional yield strength

(fracture stress transition temperature).

16
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4. The temperature above which a running crack will be
arrested (crack arrest transition temperature).

Of these four transition temperature definitions, the first
two have undoubtedly received the most attention. One or more, generally
several, test procedures may be used to obtain transition temperatures
in each of the four categories. While the class of definition that is
preferred dictates the basic type of test that may be used, the details
of the test procedures and techniques may vary considerably. Usually
the particular technique that is employed is based in large part on the
type of application that is of concern and the personal preference of the

investigator.

6.1.2.1 Tests for Determining Transition Temperatures

While it is impractical to describe all of the tests that have

been employed, some of the more commonly used ones for each of the transi-
tion temperature definition categories warrant discussion. A much more
comprehensive review of the various test techniques may be found in the
literaturegl'B)*
The Charpy "V" notch impact test is undoubtedly the most
commonly used test. Several transition temperatures may be ascertained
from any one given set of data obtained from these impact tests since
several criteria may be employed. Both the tough-frangible and fracture
mode types of transition temperatures are represented in this test. ©Some
of the various criteria are illustrated in Figure 1. Tl is the transition
temperature as determined by some fixed level of impact energy, El' The
specific energy level is usually determined by correlations with other
types of tests or service performance; occasionally it is defined on the
basis of what can be anticipated from commercially available material.
This fixed energy criterion is used fairly extensively, particularly for
quality control evaluations and acceptance tests of structural steels.
The FATT (T2’ Figure 1) fracture appearance transition temperature

*Superscripts refer to the bibliography which is to be found at the end
of each major division separated by dividers and tabs.
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Sec. 6.1Fig. 1— Schematic representation of the various transition temperatures
obtainable from the results of Charpy V"' notch impact tests

(50% shear - 50% brittle) criterion is also used gquite frequently. It
is chiefly used in development work for comparative evaluations of
materials. The basis of selecting FATT at 50% brittle fracture is some-
what arbitrary. Some correlations between FATT and service performance
and/or other types of tests have been suggestedﬂh) T5’ or the mid-point
of the energy transition, is another arbitrary choice based on ease of
measurement. The temperature "Th"’ above which the fracture appearance
is entirely shear, represents the most conservative criterion in that

it yields the highest transition temperature coupled with the maximum
energy for fracture. Because of practical limitations this criterion is
seldom used except in development investigations or applications requiring
an extremely high degree of toughness.

There are several modifications of the Charpy impact tests which
principally involve variations of the specimen geometry primarily the
notch configuration; i.e., Charpy keyhole or U-potch, the Schnadt notch,
the l%Z;blow or pre-cracked testSS) and the brittle-boundary Charpy

test. There are also modifications in the loading system from beam

18

]




(Charpy), to cantilever loaded (Izod). However, in general, the results
of these tests are interpreted and applied in similar fashions.

The notched impact tests may also be interpreted in terms of
the lateral expansion¥* which occurs in the test specimen opposite the
root of the notch. This in essence is a measure of the ability of the
material to accommodate plastic deformation in the presence of a notch
and therefore belongs in the tough-frangible category of transition
temperature classifications. An inflection in the temperature dependence
of the lateral contraction or some arbitrary fixed value of contraction
may be used to establish the transition temperature. _

Another generally known type of transition temperature measure-
ment belonging in the tough-frangible category is NDT, "nil-ductility
transition temperature”, which is determined using the "drop-weight"

(6,7)

the temperature below which the capacity of the material to undergo a

test technigque. This is simply a "go-no-go" test which defines
small amount of plastic deformation in the presence of a sharp notch is
essentially nil under impact loading conditions. The test utilizes a
plate-like specimen which is supported at the ends and subjected to a
rapidly applied load by virtue of a weight being dropped at mid-span.

A brittle weld bead on the underside (the tension side) of the plate
serves as the crack starter since a brittle crack forms in this bead at
a small value of strain. As the specimen continues to bend under the
impact load, this crack may or may not propagate in a brittle manner
throughout the section of the specimen. A stop under the specimen
prevents excessive plastic bending; consequently the specimen remains
unbroken unless a relatively high degree of brittleness exists. The
highest temperature at which the specimen breaks is defined as the nil-
ductility transition temperature. This test has been widely applied to
structural steels, and in some instances forms the basis for acceptance
and quality control tests. Quite often the NDT temperature is correlated

with the Charpy V-notch impact energy at the corresponding temperature

¥Lateral contraction of the sides of the impact specimen is also
employed for the same purpose.
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thereby providing a secondary standard commonly referred to as a '"fix".
The Charpy impact energy corresponding to NDT can vary appreciably between
materials being as low as 5 to 10 ft 1lbs in some mild structural steels

to 50 to 60 ft 1bs in heat treated alloy steels. Good correlations have
been reported(B'll) between drop-weight test results and brittle service
failures involving several types of steél.

Another form of crack-starter test, the explosion bulge(5’7)
has been used to evaluate primarily the crack propagation characteristics
of materials. In this case the sample consists of a square plate (or
weldment) with a brittle weld bead on the underside. The plate is placed
on an open die and an explosive charge is detonated over the plate. The
materials are rated with respect to the nature and extent of the resulting
deformation and cracks. When tested over a range of temperatures, the
performance of a given material changes from extensive plastic bulging at
high temperatures, with or without some ductile shear tearing eminating
from the brittle weld bead, to a flat, brittle, shattering type of
fracture at low temperatﬁres. The nature and degree of cracking varies
between these extremes. The highest temperature where extensive de-
formation without brittle cracking occurs is referred to as F.T.P.,
fracture transition plastic, which is the order of lEOOF above the NDT
temperature. The temperature below which the cracking begins to extend
beyond the deformed material into the elastic loaded edge regions has
been designated FTE, fracture transition elastic. FTE always occurs at
a temperature higher (~60°F) than NDT. A brittle shattering type of
fracture is always obtained at temperatures corresponding to NDT. The
relative positions of these transition temperatures superimposed on a
Charpy V-notch impact energy curve for the general case is shown in
Figure 2. Naturally, because of the practical considerations involved
in conducting the explosion tests, it is not so widely used as the drop
weight or Charpy impact tests.

Other more recently developed crack starter tests are the drop
weight tear and the explosion tear tests.(ll) The explosion tear test
is a measure of the ability of the material to undergo plastic defor-
mation in the presence of a through-the-thickness defect, whose length
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transition temperatures on the Charpy "'V"" notch energy curve.

is twice the specimen thickness, without significant extension of the
defect. The results of the explosion tear test are related to drop
weight tear test results, which can in turn be related to Charpy V-notch
test data.(ll)

The foregoing test techniques have all been concerned with
transition temperature measurements in the tough-frangible and fracture-
mode categories. There are innumerable others which fall into these

same categroies. Among these are the slow berd tests,(lg-IS) the notched

tensile tests,(l6-20) the tear tests,(21-25) and others. In all these
tests some property, ductility, energy, fracture appearance, etc., changes
rapidly with decreased temperature and forms the basis for defining the
transition temperature.

The work which has been conducted relative to the third
category of transition temperature (fracture-stress transition) is not

nearly as extensive or as well developed as for the previous categories.
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In essence, this category includes those tests where the fracture stress

is measured as a function of temperature and where it exhibits a relatively
abrupt change from values which are greater than, to values that are less
than, the normal yield strength at that equivalent temperature. This
temperature, or range, may be considered as the transition temperature.
Several specimen configuration and loading conditions may be used, all

of which involve a sharp notch.(eh'29)

Generally, but not always, the transition in fracture stress
is associated with a similar change in some other property; i.e., duc-
tility, fracture mode, fracture appearance, etc. In some cases, the
change in one of these other properties has proven to be a better
criterion; for example, the "FST", full shear transition, defined by
Srawley.(l9) There seems to be a general difference between the be-
haviors of the low strength structural steels and higher strength
materials. The lower strength materials fail to exhibit the fracture
stress transition even though ductility and fracture mode transitions
occurs.(l7’ 18, 25) In the higher strength materials, the transition

in all properties appear to coincide. Figure 3 is a typical example.
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Since the fracture stress, hence the fracture stress transition

(30)

temperature, is dependent upon specimen size and notch acuity, caution
must be exercised in employing the fracture stress transition temperature.
The primary application for this type of test is for comparative purposes.
However, the test technique can be particularly useful in design for
sheet materials where full thickness tests can be conducted. In this
case, the results are directly applicable to design when proper con-
sideration is given to the effects of defect size.(29)
Another category of transition temperature definition is
concerned with the temperature at which a running cleavage crack will be
arrested, commonly referred to as the "crack arrest temperature". Tests
to measure the crack arrest temperature generally involve developing a
fast moving brittle crack and determining the stress-temperature con-
ditions necessary to arrest the crack. Robertson has reported extensive

(51-34) In the Robertson test a relatively large plate

work of this type.
is loaded to a uniform tensile stress with a temperature gradient across
the width of the plate. A cleavage crack is started by an explosive
charge on the side of the plate containing the cold end of the tempera-
ture gradient. The uniform tensile stress imposed on the plate keeps

the crack growing across the specimen until it reaches a temperature

that is high enough to permit sufficient plastic flow to stop the crack.
By conducting a series of tests where stress is varied, one can obtain

the relationship of stress and temperature. A typical set of Robertson's
data is shown in Figure 4 for a 1" thick plate of ordinary mild steel.(52)
Note that at about 6OOF, the stress can be raised markedly (3 or 4 times)
without any accompanying increase in the temperature at which the crack
stops. This is termed the ductile-arrest temperature (fracture arrest
transition temperature). The arrest temperature decreases with de-
creasing plate thickness, hence full thickness tests should be used in
this type of evaluation. Because of the stress transition associated
with the arrest temperature, this test could also be classified in the

previously discussed fracture-stress transition temperature category.
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The Robertson test has subsequently been modified by others(55’36)
into a constant temperature type of test (SOD) in order to eliminate any
uncertainties caused by the temperature gradient. Good agreement between
service failures and the SOD tests have been obtained. Similar test
techniques and the applications of the crack arrest temperature concepts,
particularly with regard to welding, have been employed by Wells,(57)
(38) and others.

The crack arrest transition temperature type of test, although
somewhat bulky, it useful for development, comparison, gquality control,

and design purposes. It should be emphasized that full thickness tests

Mosborg,

are necessary to obtain representative data. Since a designer is
accustomed to working with stresses, this approach is particularly
attractive because it not only provides him with a transition temperature
but also with a knowledge of the critical stress for propagation of cracks
as a function of temperature. A significant feature is that the critical
applied stresses for failure below the transition temperature are
alarmingly low; thereby implying that a safe design is impractical in
many cases. '

The relative positions of several of the transition temperature
criteria are shown superimposed on a Charpy V-notch impact energy curve
_for a given material in Figure 5. These data from Pellini and Srawley(39)

are unique, for this is the only example in the literature of such a
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comprehensive collection of transition temperatures for a specific
plate of any given material. OSuch a picture is extremely useful in
illustrating the relative degrees of toughness represented by the
various transition temperature criteria. The maximum toughness, which
may be required in extremely severe applications, is depicted by FIP
(6,7) A similar

( BOOF) measured by the explosion crack starter test.
(21-23)

high level of toughness prevails at 6OOF which is the Navy Tear Test
transition temperature. Good agreement is obtained between FTE (fracture
transition elastic by explosion crack starter test), EBT (Esso brittle
temperature from SOD testL(35’56) and CAT (crack arrest temperature from
Robertson test)(Bl’Bh) at 18 to 25°F. All three of these transition
temperature criteria pertain to crack propagation abilities and depict
the temperature above which the propagation of cracks is relatively
difficult. These criteria generally represent an adequate level of
toughness for most all applications, except those where high applied
stresses and the possibility of gross plastic deformation prevails. NDT,
at -lOOF, describes the minimum level of toughness that is acceptable¥*
under nearly any circumstances where a sharp notch is present and the
applied stresses are sufficient to cause yielding in the highly localized
region at the tip of the notch. At temperatures below NDT, brittle
fracture can initiate and readily propagate at average applied stresses

that are only a small fraction of the conventional yield strength.

6.1.2.2 Significance and Application of the Transition Temperature

Approach

The applicability of the transition temperature approach to the
problem of brittle failure varies considerably depending upon the criterion
that is used and the purpose to which it is applied. While it may be used
directly in its simplest form for comparative evaluations of the fracture

resistance of materials, its application to design may in many instances

¥3ome materials can be used safely below NDT, but this requires an
intimate knowledge of their fracture characteristics in terms of the
inter relationships of the magnitude and nature of the stresses; the
size, shape and distribution of defects; and geometric considerations

of the member.
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be guite complex or even impractical. TFor comparative purposes, almost

any one of the various transition criteria may be used directly with a
reasonable degree of confidence that the material which exhibits the
lowest transition temperature is likely to be the most fracture resistant.
In some design situations the transition temperature may be very useful
for establishing design parameters. On the other hand for some complex
applications, the selection of an appropriate transition temperature
criterion and its subsequent translation into useful design parameters
can be extremely involved. In other applications, e.g., where a

material must be used below any of the conventional transition tempera-
tures, or where the material does not exhibit an abrupt ductile to brittle
transition behavior, the approach is virtually useless as a design tool.
In subsequent paragraphs the discussion will be directed towards pro-
viding an appraisal of the applicability and usefulness of the transition
temperature approach to the variocus phases of the brittle fracture

problem.

a. Considerations in the Selection of a Transition Temperature

Criterion

While the basic concept of the transition temperature approach
is quite simple, its implementation in practical situations can be complex.
Some of the complexities arise primarily because of the existence of the
different kinds of transition behavior and the many criteria of transition
temperatures within any given behavior category. Ideally, if each test
and each transition behavior yielded a common transition temperature
there would be no problem. Obviously this is not the case. Therefore
the choice of a criterion for transition temperature for a particular
application involves the consideration of many factors, some of which
are: What embrittling factors are present? Which behavior transition
is most pertinent? What degree of assurance against brittle failure is
required? What are the practical limitations regarding size, weight,
cost, material availability, etc.?

Relative to embrittling factors, consideration must be given

to such aspects as: +the size, shape, distribution and acuity of the
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notches or defects that are assumed to be present; the level of the
applied stresses; the type of loading, the size of the structural
members, the minimum operating temperature, etc. Large complex struc-
tures, large sharp notches, high applied stresses and impact loading
suggest the use of a conservative type of transition temperature, i.e.,
FTP as measured in the explosion tests.

With respect to behavior transitions, one may be concerned
with either the initiation or propagation of fracture. In cases where,
because of prevailing circumstances, it must be assumed that initiation
of fracture will occur, it is then necessary t0 guard against propagation.
This situation suggests the use of a crack arrest transition temperature
such as determined by the Robertson or SOD test, or alternatively, the
FTE measured in the explosion test. These transition temperatures may
be interpreted in terms of stresses and temperatures which limit crack
propagation. In some situations, this may not be practical, and it may
be necessary to risk the chance of propagation and attempt to guard
against initiation. The.use of a less conservative transition temperature
criterion such as NDT measured by the drop weight test may be applicable
in this situation to guard against fracture initiation. However, for
most materials and applications it must be realized that if fracture
initiation does occur, subsequent propagation is guite likely since NDT
is lower than the crack arrest temperatures of CAT, SOD, or FTE.

- Considerations regarding the required degree of assurance
against brittle failure are obvious. While all brittle failures are
undesirable, certainly the dire consequences of the failure of a nuclear
reactor pressure vessel, a submarine hull, a turbine generator rotor,
etc., are far more serious than the isolated failure of some minor piece
of equipment. These considerations quite naturally reflect in the degree
of conservatism employed in the selection of a transition temperature
criterion. Finally, practical limitations of size, cost, availability
of material, etc. all add to the complexity of selecting a transition

temperature criterion.
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b. Applicability for Comparison Purposes

The transition temperature approach is used quite extensively
for the purpose of comparison of materials. For this purpose, it is
generally quite useful and reliable. However, depending upon the
purpose for which the comparison is intended, there are some considera-
tions which should not be neglected in interpreting the data. If the
comparison is confined to a given class of materials of approximately
the same strength level, the interpretation is quite straightforward.
The material with the lowest tramsition temperature is most likely to
be the most fracture resistant regardless of the transition temperature
criterion employed. However, this generalization cannot be extended to
the comparison of unlike materials, for example, steels of two different
strength levels. Figure 6 is a schematic representation of the Charpy
V-notch impact curves of two steels. Steels "A" and "B" could represent
any one of several situations: markedly different strength levels with
"B" being the stronger, the same strength level but different micro-
structures, "A" being fine tempered martensite and "B" being coarse
bainite, the same steel from the same plate but with different orienta-
tions of the test specimens - "A" being longitudinal and "B" being
transverse. On the basis of any of the fracture appearance transition
temperature criterion these steels would have identical transition
temperatures. Referring to Figure 6, at some fixed enmergy level such
as El again the transition temperatures (Tl) would be the same. Now
assuming the minimum operating temperature is T2, which steel is the
most fracture resistant at that temperature? It seems obvious that
steel "A" which requires more energy for fracture would be the most
fracture resistant at T2. A knowledge of the transition temperature
alone would not show this. While some of the transition temperature
criteria would fail to differentiate between the steels, some other
criterion may be capable of doing so, i.e., the NDT temperatures of the
steels could be 'I‘5 and Tu. Similarly, a crack-arrest criterion of
transition temperature may also reveal the difference between the steels.
Thus, it is apparent that even for simple comparative purposes proper
consideration must be given to the proper choice of a transition tem-

perature criterion and the subsequent interpretation of the results.
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c. Applicability to Design Situations

The application of the transition temperature approach to
design becomes even more complex than for the simple comparison of
materials. However in some cases, with proper consideration, the
approach can be quite fruitful. 1In design, the ultimate question
involves the load-bearing capacity of the structure or member for the
prevailing circumstances and the relationship of transition temperature
to the load-bearing capacity. For lack of something more specific to
answer this question, a general concept has come into wide acceptance.
In essence, this concept is that for temperatures above the transition
temperature, stresses of the order of the normal yield stress may be
tolerated, and below the transition temperature the applied stress must
be kept to some unknown lower level. Although generally applicable in
principle, this concept leaves much to be desired. However, with proper
consideration, some transition temperature measurements can be used to
obtain qualitative estimates concerning load-bearing capacity. On the

other hand, there are also some situations where the transition
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temperature approach is nearly useless in this respect. Both of these
aspects will be considered in the discussion which follows.

In utilizing the transition temperature approach in design,
the first problem is determining which transition behavior and associated
transition temperature criterion is most pertinent to the application.
Then, after having established some preferred criterion, the problem
becomes one of translating this transition temperature into load-bearing
terms. The initial problem of selecting a transition temperature criterion
has been discussed earlier in this report and in the literature.(ag’uo)
Primarily, it is a matter of deciding what degree of toughness is required
for the application in question, and which of the criteria best describes
the embrittling conditions that are of concern. A designer upon proper
consideration of all of the factors involved, can generally choose the
most representative criterion. Subsequent discussion will deal more
specifically with the translation of a transition temperature into load-
bearing terms.

One sound solution to the general design problem is based on
the establishment of a correlation between service performance (preferably
failures) and transition temperature. A well-established relationship
of this kind has been obtained for one class of materials and application.
A statistical study of steel plates from failed ships indicated that
brittle catastrophic failure was very unlikely if the 15 ft 1b., Charpy
V-notch, impact energy transition temperature was below the minimum

b1)

and this particular application, the 15 ft 1b transition temperature

operating temperature. Hence for this particular class of material

criterion is very useful and reliable. Similar relationships between

(8-11)

NDT and service failures have also been reported for other steels
and applications. When a sufficiently well established correlation
between transition temperature and service performance exists, the tran-
sition temperature approach can be used with a reasconably high degree of
confidence. While this type of correlation does not yield direct data
concerning load-bearing capacity, it does through service experience
provide some insight as to the general stress level that can be sustained

above the transition temperature.
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It must be appreciated that this approach to the brittle
failure problem requires a correlation that is specific to the material
and the particular application conditions. The results of such a
correlation cannot be directly applied to another class of material or
another application. Likewise, for a given situation, any change in
material and/or the embrittling factors present in the application will
necessitate reconsideration of the applicability of the correlation.

Another approach available to the designer involves the use of
a transition temperature measurement which also incorporates a direct
measurement of the load-bearing capacity. The Robertson(jl'jh) or the
SOD(55’56) crack arrest transition tests are good examples. These tests
yield data of the type illustrated schematically in Figure 7. This
approach is related specifically to the propagation of cracks. It is
most applicable to those situations where a designer must assume that
a fracture will be initiated in some manner or another but when
initiated, the fracture must not be permitted to propagate catastrophi-
cally. The application of this criterion is straightforward. If the
crack arrest temperature is below the minimum operating temperature,
there is little concern about catastrophic brittle failure at normal
design stresses; except perhaps for the small area of uncertainty shown
in Figure 7. The probable limitations on applied stress above the
crack arrest temperature are more directly related to plastic distortion
or  rupture. However, if the minimum operating temperature is below the
crack arrest temperature, brittle catastrophic fracture can occur at
alarmingly low values of applied stress. In many situations the
allowable stresses for applications below the crack arrest temperature
are so low that it becomes impractical to use this approach because of
the large section sizes that would be necessary. to keep the stresses low.

It must be emphasized that the reliability of the crack arrest
transition temperature approach is directly related to the size of the
plate used to determine the crack arrest temperature. The arrest tem-
perature increases with increasing plate thickness.(il) Therefore, for
a high degree of reliability, a plate thickness corresponding to that of

the application must be used in ascertaining the transition temperature.
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Therein lies the maJjor limitation for the use of this transition tem-~
perature criterion. Wnile perfectly applicable to structures involving
plates which can be conveniently tested in full thickness, it is of
little direct value for heavy sections such as forgings.

There is another type of transition temperature criterion that
yields at least semi-quantitative information relative to load-bearing
capacity. This is confined principally to applications involving high
strength sheet materials, and the use of pre-cracked tensile specimens
to measure transitlion temperatures. These types of test yield transi-
tion temperatures based on a change of fracture stress, ductility, and/
or fracture appearance as was described in Section 6.1.2.1 of this report.
When full tinickness specimens containing flaws simulation those that may
prevail in the application are employed in the tests, the resulting data
may be used for design with a reasonable degree of confidence. Such
tests have also proven valuable as a screening device and in providing

(29)

essential data for the "fracture mechanics' approach to brittle fracture.
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The transition temperature derived from the crack-starter
types of tests (NDT from drop weight and FTE and FTP from explosion
tests) also may be used to estimate allowable stresses. For example,
at or above the FIP temperature the development of extensive plastic
deformation and a high resistance to shear tearing in the explosion
tests is certainly indicative that stresses well in excess of the yield
strength can prevail without danger of brittle fracture*. At or above
FTE cracks may be started by the high stresses which prevail in the
plastically loaded region, but these cracks will not continue to propa-
gate in areas that are elastically loaded. In essence then, the load-
bearing capacity defined by FTE may be generalized as follows: at or
above FTE applied stresses of the order of the yield strength are
required to initiate and sustain fracture, while below FTE, fracture
once initiated will propagate at applied stresses less than the yield
strength.

The drop weight NDT is less useful for design purposes in
terms of defining load-beéring capacity. At NDT, brittle fracture can
be initiated in the presence of a sharp notch if the applied stresses
are sufficient to develop yielding at the highly localized region near
the tip of the crack. This really doesn't help the designer very much
unless he is able to ascertain what level of applied stress will result
in localized yielding at the tip of some flaw. Because of the many
complicating factors, i.e., stress concentration, plastic restraint,
residual stress, etc., the determination of this critical applied stress
level is qguite difficult. In those cases where a correlation of NDT
and service failures exist, it may be possible to approximate the critical
stress level from a knowledge of the existing stresses. A fracture once
started at NDT or lower will most likely propagate catastrophically since
in most applications the average applied stresses are undoubtedly in

excess of the propagation reguirement.

*In some materials a low energy form of catastrophic shear failure can
develop at temperatures corresponding to FTP. This behavior is more
characteristic of high strength materials that demonstrate a low energy
shelf in the Charpy V-notch impact test. Beacuse of its influence on
load-bearing capacity, it too must be given proper consideration.
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d. Applications Where the Use of the Transition Temperature

Approach is Uncertain

The greatest difficulty in applying any of the transition
temperature criteria to design is encountered in the application in-
volving large section sizes, i.e., generator or turbine rotors, fly
wheels and shafts, thick-walled pressure vessels, large forgings, etc.
Tests for determining transition temperatures of full size large sections
are not practical. There is a great deal of uncertainty regarding the
applicability of any transition temperature criteria as determined in
small section sizes to design situations involving large section sizes,
and the uncertainty is becoming more prevalent with the increasing
amount of fracture testing on large section sizes. Increasing the gross
dimensions of the test specimen, or the notch size, or the notch acuity
all tend to induce transition temperatures at higher temperatures, par-
ticularly with reference to load-bearing capacity. Several examples of
this trend of behavior may be found in the literature.(20’3l’h2‘u8)

In addition to increasing the degree of uncertainty relative
to the applicability to very large section sizes, thus the possible
effects of size on transition temperature determinations casts of doubt
regarding the reliability of all transition temperature criteria in cases
where full section sizes are not employed in the determinations. This
is the major area of uncertainty which is currently receiving much at-

(45,1*6,“9-52)

tention. There have been some attempts 10 relate the results
of other types of fracture toughness measurements cbtained from tests of
large sections to some of the conventional transition temperature
criteria. But, as yet, the usefulness and reliability of these corre-
lations remains unproven. Therefore, until some firm assurance can be
obtained to the effect that the transition temperatures measured in

small size tests are indicative of the behavior of the material in large
section sizes, the usefulness of the transition temperature approach for
applications involving very large sections is limited to the comparison
of materials. In comparing materials, it seems reasonable to assume that
the same relative degree of toughness will prevail at various section
sizes. However, there is only a limited amount of experimental data to

this effect.
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There are also applications where, from the design viewpoint,
the transition temperature approach is virtually of no value whatsoever.
The most obvious of these is in the application of materials which do
not exhibit a normsl characteristic ductile-to-brittle tramsition be-
havior, but which may fail in a brittle manner*. Another involves those
situations where there is no alternative but to use a material in the
sub-transition temperature range. As discussed previously, the crack-
arrest transition temperature criteria may be of value in this latter
situation since these criteria do describe the sub-transition temperature
dependence of the critical stress for the propagation of fracture.
However, it may be impractical to design on the basis of the critical
propagation stress because these stresses are generzlly quite low and
large sections would be required. Likewise, it may not be possible to
obtain reliable data of the crack arrest type if thick section sizes are
involved or if the material is in some form other than plates. Current
available data of this type are limited to carbon steel plates up to
about 1" thick. ‘Excluding then, the crack arrest transition temperature
criteria, the transition temperature approach provides the designer with
no means of predicting load-bearing capacity at sub-transition tempera-
tures. In both these situations (the non-existence of a transition
temperature or use below the transition temperature) some other approach
which relates the load-bearing capacity to the material characteristics

and prevailing embrittling factors must be utilized.

e. Fracture Analysis Diagram

Through the correlation of the various laboratory and ?imulated
9-11)
to

service tests, and actual service failures, it has been possible
construct a "Fracture Analysis Diagram" which represents the most

sophisticated form of the transition temperature approach that is

¥Fail in a brittle manner does not necessarily imply that cleavage (trans-
granular) fracture occurs. It is also possible to have failures at
relatively low applied stresses and without any gross plastic deformation
. by other fracture mechanisms, i.e., catastrophic shear, intergranular
failure, fatigue, stress corrosion, and other forms of environmental

effects.
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(9-11)

presently available. This diagram relates the three parameters
of applied stress, defect size, and temperature, Figure 8. It is
applicable to the structural grades of steel which exhibit a pronounced
temperature dependent ductile-to-brittle transition behavior, and to
section sizes of the order of 1/2 to 2" thick. With this diagram and a
knowledge of one the transition temperatures (preferably NDT) of the
material to serve as a reference point, it is possible to approximate
the critical combinations of stress and overall defect size which will
cause catastrophic failure.

Detailed descriptions of the basis and development of the

(9-11)

diagram, and its use, are available in the literature. Therefore,
only a brief explanation is required in this report. The diagram
(Figure 8) is based om the results of laboratory tests of various transi-
tion temperature criteria and their correlation with one another,
simulated service tests, and actual service experiences. The significance
of the three transition criteria NDT, FTE, and FTP, shown in Figure 8 for
the high-energy tear material was previously discussed. The CAT (crack
arrest temperature) curve is based on the Robertson or SOD types of tests,
and pertains to the propagation of cracks. It describes the critical
stress-temperature combination for the arrest of a running, brittle crack.
Cracks will not propagate at stress temperature combinations which lie
below the CAT curve. The other curves lying above the CAT curve are con-
stant flaw-size curves and pertain to the initiation of fracture. Then
.may be related to stress-temperature combinations which will initiate
fracture. The position and shape of these curves are based primarily
upon service experience related to failures or components or structures.
The constant flaw size curves for the low energy tear material,
shown to the right of NDT + lQOOF in Figure 8, are more schematic in
nature. These provide a qualitative idea of how some of the higher
strength materials, which generally exhibit a relatively low energy in
the Charpy impact test, behave in the presence of defects. Of signifi-
cance is the fact that catastrophic shear failures can occur at nominal
stresses below the yield strength if defects are present and the material

has low tear energy characteristics.
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The application of the fracture analysis diagram (high energy
tear material portion below NDT + lQOOF) is quite straightforward. The
minimum operating temperature relative to one of the transition tempera-
tures, preferably NDT, is established for the material. Then, knowing
the nominal applied stress, it is possible to estimate the size of
defect that is required to initiate brittle fracture. Conversely,
knowing the operating temperature relative to NDT and the size of a
defect that may exist in the structure, it is possible to estimate the
level of nominal applied stress that will cause fracture initiation.
Similarly, by using the CAT curve, estimates can be made regarding the
stress limits for arresting a running brittle crack at the temperature
of interest.

While the fracture analysis diagram is a useful engineering
tool for some materials and applications, some limitations and uncertain-
ties restrict its general use. It was based on and developed from test
data and service failures on the structural grades of steel which exhibit
an abrupt ductile-to—brittle transition behavior. 1Its use therefore
should be restricted to these kinds of materials. It is not applicable
to the high strength steels, aluminum and titanium alloys because these
materials do not have an abrupt transition behavior. There are also
some uncertainties inherent in the diagram. The diagram predicts a
constant flaw size stress relationship for temperatures below NDT.

There are strong indications that the nominal stress for fracture for a
constant flaw size should decrease with decreasing temperature below
NDT(QO’al’uO’hS). Another uncertainty is concerned with the effects of
section size on the position of the CAT and constant flaw size curves.

It is possible that for many materials these curves would be shifted to
higher temperatures and lower nominal stresses as the section thickness

is increased. Shifts of this type in the CAT curves have been reported.(il)
Because of these limitations and uncertainties the fracture analysis
diagram can only be considered as a qualitative tool for making
engineering judgments where the materials are the structural grades of

steel.
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f. General Summary of Applicability Transition Temperature Approach
To summarize the transition temperature approach, the basic
concept is simple, but its application to specific design problems can

be quite complex and therefore regquires careful consideration of all of

the factors involved. There are two primary steps in these considera-
tions. The first is to select a transition temperature criterion that
is appropriate to the needs of the application and that is truly repre-
sentative of the embrittling factors that are present. Then, the
selected transition temperature criterion must be translated into terms
related to defect size and load-~-bearing capacity; for ultimately this
is the terminology which the designer can understand and apply. In
those situations where both of these steps can be satisfactorily
accomplished, the transition temperature approach can be successfully
applied.

The most useful, comprehensive summary of the transition
temperature approach is provided in the form of a Fracture Analysis
Diagram. This diagram illustrates the general relationships between
defect size, applied stress, and temperature. Where applicable, in
terms of the material and intended use, the diagram is useful for

purposes of making engineering judgments.

6.1.2.3 Applicability of Transition Temperature Approach to ATAC's
Interest and Project Goals
While the general transition temperature approach may be

applicable to presently used, low-strength materials for purposes of
comparing materials and for rough design approximations, it is not
satisfactory for the high-strength materials that are expected to be
used in the future. Therefore the approach cannot satisfy the project
goals. The first and primary reason is that the high-strength steels,
aluminum and titanium alloys do not exhibit a characteristic abrupt
ductile-to-brittle transition behavior. Secondly, even if it were
possible to establish the various transition temperature criteria for

these materials, the approaches lacks the basic quantitativeness that
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is required to solve specific problems. For example, the fracture
analysis diagram deals with only one dimension (length) of a defect

and does not recognize that the critical stress for fracture can vary
markedly, depending upon the type of loading and the geometry of the
defect, i.e., semi-elliptical surface cracks of various lengths and
depths, internal defects of various shapes, through the thickness edge

or center cracks, etc. The establishment of design stress levels and
realistic inspection and acceptance standards, requires specific con-
sideration of the effects of all the effects of all the possible types

of flaws and loading conditions. Thirdly, the slow growth of an initial
sub-critical size defect to a critical size defect during the operational
life time of a cyclic or sustained loaded component is another important
consideration which cannot be handled with the transition temperature
approach. Thus it is apparent that an alternate approach must be applied
t0o achieve the ultimate objectives of this project. The subsequent

sections of this report discuss and evaluate possible alternate approaches.

6.1.3 STRESS ANALYSIS APPROACH

In the stress analysis approach to the prediction of cata-
strophic fracture some property of the stress-strain distribution is
used as the prediction criterion. A number of different properties
have been used as the criterion and in general they can be placed in
one of three categories: (1) stress criteria, (2) strain criteria, and
(5) energy release rate criteria. Some of the approaches can be placed
in more than one of the above categories since there is considerable
overlap among them.

The stress analysis approach requires that the stress-strain
distribution, or at least a reasonable estimate of this distribution,
in the structural component be known. If the component contains notches
or sharp flaWs, the stress analysis must take this into account. The
effects of plastic flow around these stress risers on the stress-strain
distribution should also be considered when possible; 'Due to the mathe-
matical difficulty involved in determining the exact stress-strain

distribution of a body, most all of the methods involve a compromise with
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exactness. These compromises in turn bound the limits of applicability
of each specific approach. )

In general, the critical value of the criteria parameter
(maximum stress, etc.), which signifies failure, for each specific stress
analysis approach is determined for each material from a relatively
simple test specimen. The metallurgical and mechanical variables of the
test specimen should be as similar as possible to those in the structure
for which failure is to be predicted.

Some of the more significant approaches in the stress, strain,

and energy categories will now be considered.

6.1..3.1 Stress Criteria
Perhaps the oldest criterion used to predict fracture is that

of stress. Many variations of the stress criteria have been suggested
through the years. Most of the approaches are related to the maximum
stress criterion or some modification of it. Some of the more note-
worthy modifications are the critically stressed volume criterion and
the stress gradient influence. A number of the more significant stress

approaches will now be considered.

a. Use of Fracture Curve
It was originally hypothesised by Ludwik,(55) that not only

could a flow stress curve be represented on a stress-strain diagram

but also a fracture stress curve could be represented on such a diagram
(Figure 9). He suggested that fracture occurs at'the stress where the
two curves intersect. Others(sh’ss) proposed ﬁhat the effects of tem-
perature, strain rate, and triaxiality on fracture stress and mode of
fracture could be accounted for by the shifting of relative positions

of the two curves due to the changes in these conditions. An example

of this effect isshown in Figure 10. Due to the difficulty in experi-
mentally verifying the existence of fracture curves, the Ludwik approach

and its various modifications have not been pursued very earnestly.
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More recently a fracture concept somewhat similar to Ludwik's

has been proposed by Beeuwkesﬂ56) He suggests that on a true stress-
hyperbolic true strain diagram, the fracture curve has the shape of a
"corner" (Figure 11). Beeuwkes has shown that flow curves for different
temperatures and strain rates will‘appear as straight lines on this type
of diagram. For the materials he investigated, the face centered cubic
metals had flow curves which were parallel to each other, while the flow
curves for body center cubic metals had flow curves which intersected

at one point. Beeuwkes defines fracture which occurs on the constant
stress surface of the '"fracture corner" as being brittle and fracture
which occurs on the constant strain surface as beinc ductile. This
concept has the same limitation as the Ludwik approach. That is, the
necessary experimental work needed to verify the existence of the "frac-
ture corner" has not been performed. 1In addition, in there present

forms, Ludwik's and Beeuwke's concepts are not usable in design

considerations.
Curve 577644-A
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b. Maximum Stress

(57)

Hendrickson and coworkers showed that a maximum stress
criterion could be used to predict failure of notched round tensile
specimens made of mild steel. An approximate elastic-plastic analytic
solution was used to estimate the maximum stresses in the specimens at
failure. It was shown that regardless of test temperature and rate of
loading, the maximum stress reached in each specimen was approximately

the same. Further work(58>
(59,60)

by these same investigators was encouraging,
but later studies indicated that for most materials the maximum
stress at fracture varies with temperature, rate of loading, the stress
gradient at the point of initial fracture, and the state of stress in
the notched area where fracture initiates. The state of stress at the
notch can be one of plane stress, plane strain, or some state between
these two limiting cases.

The congruency principle(6l) proposed by Lubahn takes into
account the effect of the stress gradient at the notch, and also the
state of stress at the notch. The congruency principle states that
fracture will occur at the same nominal stress in two different notched
objects if the nominal stress gradient at the notch root is the same in
both objects and if the notches are geometrically congruent to each
other. Lubann experimentally checked this principle by correlating
fracture data from notched bend tests and notched disk bursting tests.
Subject to the above conditions, the correlation between the two types
of test was found to be within 8%. The major drawback of the concruency
principle is that each fracture situation of interest must be evaluated
by an individual laboratory test on a specimen whose ratio of maximum
stress to stress gradient at the notch is equal to that of the structure
of interest and whose notch geometry is congruent with that of the
structure.

¢. Stress Concentration Factor Approach

Most of the recent workrbo’62’65’6h)

associated with the
maximum stress concept has been closely related to Neuber's previously
(65)

developed theory of notch stresses. The notch theory as originally

developed makes it possible to express the maximum stress, O rax’ at the
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root of a notch or crack in an elastic body as a linear function of the

nominal stress, %nom’ in the body containing the notch or crack. The

relation between these two stresses in the form ¢ =K o where the
max t "nom

constant proportionality factor, K, , is defined as the theoretical elas-

tic stress concentration factor. ;he stress concentration factor is a
function of the geometry of the body containing the notch, of the size,
location, and orientation of notch, and of the external load distribution
on the body. The magnitude of Kt for a specific geometry and loading
condition can be determined theoretically by employing the basic
principles of the theory of elasticity(66) or experimentally by a number
of methods.

For example, an elliptical crack of length 2a in an infinite
plate subject to a uniform uniaxial tension field perpendicular to the
plane of the crack (Figure 12) has a theoretical elastic stress con-

centration factor expressed by the equation

K=l+2f;a:-—' (l)

t

where r is the crack tip root radius. In this example the nominal stress
is equal to the uniaxial stress away from the crack. The elastic stress
concentration factors for a number of other geometries and loading con-
ditions are availableﬂ67)

Attempts’ha#e been made to combine the elastic stress concen-
tration factor concept with the maximum stress concept so that the nominal
fracture stress of notched bodies can be accurately predicted. The
simplest and most direct method used is to assume that at failure Onax
is equal to the uniaxial ultimate strength of the material, 0, and
that the actual stress concentration factor is equal to the elastic
stress concentration factor. This method predicts that the nominal
stress will be inversely proportiomal to the elastic stress concentration
factor. When experimental results are compared with those predicted by

this method a number of the shortcomings of the method become apparent.
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Sec. 6.1 Fig. 12

1. For relatively brittle materials the method underestimates
the nominal fracture stress when the elastic stress concentration
factors become large. This is demonstrated by the curve shown for a
titanium alloy in Figure 13.

2. PFor some ductile materials the theoretically predicted
nominal fracture stresses are completely misleading as is shown by the
curve for 4340 steel in Figure 13. This material is insensitive to the
presence of notches.

3. This method doesn't predict a variation in the fracture
stress for geometrically similar notched specimens differing in absolute
size only. That is, this method doesn't account for a size effect.
Experimental results indicate that for many materials containing sharp
notches the size effect is significant.

4. Finally, this approach doesn't predict the difference in
fracture stress which occurs in going from a state of plane stress to
one of plane strain at the notch tip.

These limitations of the linear elastic stress concentration
factor approach are to a large degree the result of two factors. First,
since the theory of elasticity, which is used in determining the stress
concentration factors, is valid for a continuum only, deviation would be
expected between theory and test results for extremely sharp notches
where the use of a continuum becomes invalid. Secondly, due to the high

stress ccancentration at the root of the notch, the material in the
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vicinity of the notch tir will flow plastically and therefore, the
stresses predicted by elastic theory will be in error. To correct
for these deficiencies various means of correcting the values of the
elastic stress concentration factors have been proposed.

To correct for the breakdown in the continuum aspects of the
elasticity theory at the roots of sharp notches Neuber introduced(65)
the "finite particle" concept as a means of modifying the elastic stress
concentration factors. In this modification an effective root radius is
used in the analytic expressions for the elastic stress concentfation
factors instead of the physical root radius which was originally used.
The effective radius, L is equal to the sum of the physical root radius,
r, plus twice the "particle size" 2y. The particle size can be physically
interpreted as representing the size of some basic structural unit of
the material. That is, 1 is considered as a material constant which can
be determined experimentally along with Cnax” For example, the modified

form of equation (1) is
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Kp =1+ 2 Visa (2)

where Kfm is defined as the modified stress concentration factor. A plot(7l)

of Kfm as a function of K% is shown in Figure 1k for various values of f.

For this case the nominal stress at fracture becomes

[+
max

o = ’ (3)

nom
1+ 2vVrT s,

As equation (3) indicates, this approach involves the use of two

parameters, n and O ax” It is of interest to note that for very small

root radii equation (3) can be reduced to the following form:

D Ohax
%nom ()
v2a
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Sec. 6.1 Fig. 14 —Effect of the equivalent particle size 7 on the Kt

vs, K curve of a brittle material- {calculated (71) m
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Since vy O ox 15 1D effect one parameter, equation (4) shows that for
sharp cracks the "finite particle" concept is a single parameter method.
This equation also predicts a size effect. The equation states that the
nominal fracture stress isvinversely proportional to the square root of
the crack length. This same inverse square root relation will be ob-
tained for sharp cracks when the energy approach is considered and also
when a particular form of the strain criteria is used _ ' ,
To account for the plastic flow at the tips of notches, a
number of other methods for modifying the elastic stress concentration

(68, 69,70(7g; Most methods have a form

factors have been suggested.
similar to that presented by Stowell
Es

Kp= 1+ (K - 1) g - (5
where Kb is the corrected stress concentration factor, Es is the secant
modulus of the material at the point of the maximum stress, and Em is
the secant modulus of the material at a large distance from the notch.
Using this modification, fracture would be predicted when Cpom = Gmax/Ki
where ¢ is determined from a uniaxial unnotched specimen and Kb, which
can be determined from equation (5), is a function of geometry, external

load, and the flow properties of the material.

d. Use of Stress Gradient as a Parameter

Based on previous test results,'Weiss(7l) has suggested that

for some materials the criteria for fracture might be a function of
maximum stress gradient at thé root of the notch. This would make the
stress criteria a two pérameter one. The consideration of the stress
gradient would make it possible to account for the size effect noted(62 1)

for some materials in the presence of relatively blunt notches.

e. Applicability of Stress Criteria

For general engineering design purposes the stress concentration
factor approach is the most applicable of the stress methods considered.
By applying the various correction factors (finite particle size, plas-
ticity correction) to the elastically determined stress concentration

50




factors and by using the stress gradient as an additional parameter,

a reasonable correlation between experimental results and theory can be
obtained in a somewhat empirical manner for each material. The problem
of estimating the magnitude of the various parameters from a uniaxial
stress-strain curve still exists. At present the magnitude of the
various prediction parameters must be determined by rather extensive
testing. With an increasing availability of elastic-plastic solutions
for notched and cracked geometries, the need of these correction factors

can be eliminated.

6.1.3.2 Strain Criteria

For the methods involving a strain criteria for the prediction

of fracture loads, the maximum strain or some critically strained

volume is usually used as the critical parameter. In general the strain
criteria methods are very similar in form to those which were listed as
stress criteria methods in the previous section. In fact some of the
methods discussed in the étress section could also be considered as
strain methods. In particular, the congruency principle,(6l) Ludwik's

(53) (56)

hypothesis, and the "fracture corner" concept of Beeuwkes could
also be interpreted as approaches based on a strain criteria.

An advantage of a strain criteria over a stress criteria is
the increased sensitivity of strain compared to stress in the plastic
range. For example, for a material which has a very moderate amount
of strain hardening (Figure 15), the strain is a much more meaningful
criterion for fracture than the stress in a smooth specimen fracture
test.

A number of fracture analysis methods involving strain
criterion have been introduced in the last few years. Most of these
approaches are now in the development stage. These methods will not be
considered.

a. Exhaustion of Ductility

The exhaustion of ductility approach is based on the premise

that fracture occurs when the available ductility of the material is less
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Sec. 6.1 Fig. 15

than the ductility required under the local constraint at the notch.
Supporters(55’72’73) of this approach attempt to validate this premise
by showing that the net fracture stress of precompressed notch plates

is much less than that of plates which were not precompressed. It is
stated that this large reduction in fracture strength is due to the

fact that ductility of the material is substantially reduced (exhausted)
by the precompression working. It has been pointed out by others(75)
that the reduction in fracture stress caused by the precompression of

the notched plates is due to the effect of the residual stress which is
produced at the notch tip by the precompression process and not due to

a reduction in the ductility of the material. Some limited Studies(75)
on plate specimens in which the precompression operation was performed
before the notches were machined in the plate have indicated a sub-
stantial reduction in net fracture stress when the precompressive strain
exceeded some minimum value. Under these conditions the possibility of
appreciable residusl stress at the notch was eliminated. Besides the
question concerning the significance of the residual stress at the notch
root, the major drawback of this approach is that in its present state it
is very qualitative and doesn't lend itself to be used with gquantitative

analytical expressions which are useful in engineering design.
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b. Critically Strained Volume Criteria

McClintock(76) has suggested a two parameter strain criteria
for the prediction of rapid propagation of sharp cracks. He suggests
that propagation will take place when the strain at some distance, p,

from the crack tip exceeds a magnitude of ¢ That is, fracture is

assumed to occur when all the material for Z distance p directly ahead
of the crack has reached a cumulative value of plastic strain egual to
a critical value €pe The two parameters, p and ef, are considered to
be material properties which can be determined for each material by

simple tests.

McClintock's suggestion of a two parameter criterion was a
result of his analysis(77) of the stress-strain distribution of a sharp
crack subject to a longitudinal shear stress field. The anslysis applied
to an elastic-perfectly-plastic material. It is of interest to note that
for large cracks, the stress for fracture is inversely proportional to
the square root of the crack length and the criterion for rapid crack
propagation reduced to that of effectively one parameter. This type
of a relationship is the same as that obtained from Neuber's "particle
size" concept when applied to sharp cracks is the same as that which

is obtained by using fracture mechanics concepts as will be shown.

¢. Use of Strain Hardening Exponent

One of the more recent strain concepts has been proposed and
studied by KraftﬂTB) Although it is similar to McClintock's approach
in some aspects, it is actually an outgrowth of the fracture mechanics
approacih which will be discussed later.

Kraft states that when the strain at a particular distance
'd" from the crack tip reaches a value equal to the strain hardening
exponent of the true stress-strain curve, catastropic crack propagation
will begin. The distance "d" is considered to be a function of material
only and is independent of strain rate and temperature. The strain
hardening exponent is a function of material, strain rate and temperature.
Therefore ideally the quantity "d" can be determined from a single

fracture test and then from a knowledge of the magnitude of the strain
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hardening exponent as a function of temperature and strain rate, the
fracture load at various temperatures and strain rates can be pre-
determined. In its present form the approach is applicable to sharp

cracks only.

d. Crack Opening Displacement Criteria

Wells(79) suggests that the crack opening displacement at some
fixed but short distance from the crack tip could be used as a fracture
criterion. The local crack opening displacement will be related to the
strain distribution around the crack, and, therefore, the method can be
classified as a strain criteria. Thus the use of this criterion tem-
porarily avoids the need of an exact elastic-plastic solutions and also
avoids the problem of attempting to measure strains in the vicinity of
the crack tip. '

This approach is also an outgrowth of linear fracture mechanics.
Wells states that the crack opening displacement approach can be used
when widespread yielding has occurred around the crack tip whereas the
linear fracture mechanics approach is restricted to situations in which
a very limited amount of yielding has occurred. At present the methods
are still in the development stages and has had only limited use in

design applications.

e. Applicability of Strain Criteria
All of the strain concepts considered here have, in general,

not been used in design considerations and are still in the development
stage. While McClintock's critically strained volume analysis gives a
better understanding of the relative role played by the various material
properties in the fracture process, in its present form it is not very
applicable to design considerations. The "exhaustion of ductility"
approach has many of the limitations of the transition temperature
approach, in that it is more qualitative than quantitative in nature

and therefore does not lend itself directly to design considerations.
Although Kraft's "strain hardening exponent" approach is based on a
strain criterion, it is directly related to linear elastic fracture

mechanics and has the same limitations. These limitations will be
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considered in Section 6.2. The '"crack opening displacement" criteria
is an extension of the linear elastic fracture mechanics approach which
promises to extend the areas of applicability of the present linear

theory.

6.1.3.3 Linear Elastic Fracture Mechanics

In recent years there has been a marked increase in the
number of publications concerned with linear elastic fracture mechanics.
The increase involves both basic experimental data and analytic solutions
concerned with application. Simultaneously, the number of actual design
applications of fracture mechanics has also sharply increased. The
formulation and limitations of this approach will now be discussed.

The theory of linear elastic fracture mechanics provides a
means of predicting the fracture load of structures containing sharp
flaws of known size and location. The theory can be based on either an
energy approach or on a stress intensity approach. Both approaches are
closely related and lead to the same results. The approaches will be

considered individually in Sections 6.1.3.3.a and 6.1.3.3.b, respectively.

a. Energy Criterion

The energy approach to fracture was originally presented by

(80) (81) na
82)

discussed later (Section 6.2.1), but now the basic concepts involved

Griffith

Orowan.

and later re-emphasized and broadened by Irwin

Some of the historical background of the approach will be

will be considered.

The energy approach to fracture instability is one in which
the criterion for propagation of a crack in a body is stated in terms
of the rates of change with respect to crack extension of the various
energy components involved in the process. The criterion is that
crack propagation will occur if the amount of energy which could be
supplied to the crack tip during an incremental crack extension is
greater than or equal to the energy which would be absorbed at the crack
tip during an incremental extension of the crack. Before this criterion

for fracture can be expressed in mathematical terms the changes in the
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various energy components involved in an incremental crack extension
must be considered. The five energy components involved in the crack
extension process are: (l) strain energy, (2) energy supplied to the
body by external work, (3) kinetic emergy, (L) free energy required
to form the new surfaces, and (5) the energy required to perform the
plastic work at the crack tip. For materials which exhibit some ducti-
lity the surface energy component is exceedingly small compared to the
other forms of energy and can be neglected.(82) Also, normally the
kinetic energy component is small compared to the others and can be
neglected. Therefore just the energy due to externmal work, the strain
energy, and plastic work need to be considered.

If the size of the plastic zone at the tip of the crack is
very small compared to the total volume of the body containing the crack,
then the strain energy of the body can be set equal to the elastic strain
energy which would be determined for the body if it is assumed that no
yielding occurred. The strain energy will be represented by the symbol U.

The work performed on the body by external forces will be
represented by We and the energy absorbed by plastic work will be rep-
resented by Ep. Now if "A" represents crack area, the energy criterion

for crack extension, as stated above, can be expressed mathematically as

aw au aw :
T A2 g OAt oA (6)

This means that crack extension begins when

dwe au de )

dA dA dA

The left hand side of equation (7) is defined as the energy release

rate, G
G e au @)
=IE "I
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S5till using the restriction that the plastic zone is very small compared

10 the total volume of the body, it can be shown(85) that
ou
G = (SK) (9)

d

That is, the energy release rate is equal to the rate of change of strain
energy with respect to crack area when the displacements of thé externally
applied loads are held constant during incremental crack extension. The
energy release rate is a function of the geometry of the body under con-
sideration and of the loads applied to it.

It has been shown experimentally, that, within limits which
will be stated later, de/dA is a function of the material, temperature,
strain rate and of the state of stress at the crack tip is either one of
plane stress, plane strain, or of some degree between these two limits.
At present no means of determining de/dA from the standard material
properties has been determined. The magnitude of dwp/dA must be de-
termined from at least one fracture test on a cracked body for which
an expression for the energy release rate is known. The body must be
made from the material under investigation, and the state of stress at
the crack tip of the body must be the same as that in the body to which
the test result will be applied. The energy release rate at fracture
is defined as G, that is G = dwp/dA.

Since this criterion for predicting fracture of a body due to
the presence of a crack 1s not as intuitive as a stress or a strain
criteria, a simple example will be used to demonstrate the approach.

An infinite plate of unit thickness containing a crack of finite length,
2a, perpendicular to an uniaxial stress field, o, will be considered.
The presence of the crack in the body reduces the elastic energy
(assuming elastic conditions) by no2a2/E. If Uolis defined as the
elastic strain energy of the uncracked plate then the strain energy

of the cracked plate is

2
U=y -8 (10)
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By substituting this expression into equation (9), the energy release

rate of the plate can be shown to be

¢ =28 (11)

where the crack area A = 2a. The theory predicts that the fracture of

the plate will occur when
‘ /GE
o N o - (12)
Cc né

where ideally Gc can be determined from at least one fracture test
performed on this geometry at some known crack length. As can be seen
the fracture stress is a function of the inverse square root of the

crack length. This inverse square root relation is the same as that
obtained from the Neuber "finite particle"” approach and from McClintock's
critically strained volume approach.

This approach has a number of limitations. As mentioned in the
above derivation the derived equations were restricted to conditions in
wanich the plastic zone at the crack tip is very small compared to the
other dimensions of the body. This limits the use of the energy approach
as just formulated to materials which are relatively brittle in the

presence of cracks.
Another limitation of this approach is that it fails to ade-

quately handle the effect of small crack root radius. The energy approach
doesn't predict a difference in the fracture stress of two similar
cracked specimens differing only in the crack tip root radius (assuming
both are small), but it has been shown experimentally that the fracture
stress levels do differ under such circumstances as shown( )“in Figure 16.
‘The root radius limitation could be related to what some
consider a basic weakness of the energy approach.(SS) It has been stated
that the relations obtained by an energy approach are necessary for
fracture to occur, but not sufficient. That is, for crack extension to

occur it is necessary that enough energy be available to supply the work
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dissipated in the fracture processes, but just because the necessary
energy is available doesn't mean that crack propagation must occur.

In addition to the energy requirement it has been suggested that there
is another criterion which must also be met before crack extension will
occur. For example, the other criterion could be one of maximum stress

or strain.

b. Stress Intensity Criterion

Over the last few years, the energy approach has transformed
into what is called the stress intensity approach. This transformation
nas resulted in a de-emphasis of the energy considerations of the
fracture process. he shift is probably due to three factors. First
it side steps some of the problems just mentioned above which are in-
herent in the energy approach. Secondly, since the stress intensity
places more emphasis on the stress~strain distribution at the crack tip
than on the energy balance, it generally has more appeal to the engineer
since he is more familiar with stress-strain concepts than with energy
ones. Finally the relations between crack size and fracture load for

all geometries are exactly the same for the two concepts.
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The stress intensity approach to fracture can best be
introduced by describing the general form of the elastic stress field
at the tip of a crack. For a through-the-thickness crack of zero root
radius in a plate subject to in-plane loads which are uniformly dis-
tributed through the thickness of the plate and symmetric with respect
to the plane of the crack, the elastic stress field in the vicinity of

the crack tip (r — 0) has the general form.(su)
- 1
= K cos g 1 sin & sin i)
% ~ 172 2 - 2 2
(2nr)
K 6 ] e 59ﬁ
o, = (zﬂr)l 5 cos 3z |1+ sin 5 sin - (13)

njo

K .. 8 . e
T = sin = sin = cos = cos
Xy (2ﬂr)l72 2 2

where the coordinate system (r,6) is shown in Figure 17. The stress
intensity factor, K (not to be confused with the stress concentration
factor Kt’ etc.) is a function of the plate geometry, the applied loads,
size, location, and orientation of the crack. 1In effect, equation (13)
states that the crack tip elastic stress and strain fields for different
geometries and loading conditions differ by only a multiple constant
equal to the ratio of the stress intensity factors. This fact is the
basis for the stress intensity approach to fracture.  The approach is
based on the assumption that crack propagation will occur when the
stress intensity at a crack tip reaches a critical level Kc' Once the
magnitude of Kc has been determined experimentally, the fracture load
for a structure containing a crack can be predicted, within certain.
limitations, if the stress intensity at the crack tip is known as a
function of the applied load for that structure. At present the value
of Kc must be determined experimentally. The state of stress (plane

stress, plane strain, etc.) at the crack tip in the specimen used to
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and the stress components in the crack tip stress field (84)

determine Kc must be the same as that at the tip of the crack in the
structure for which the fracture load is being predicted. There are a
number of other conditions which also must be satisfied before such a
prediction can be made, and they will be discussed later.

As an example, the case of the infinite plate containing a
finite crack of length 2a, perpendicular to a uniaiial stress field o,
will be considered again. The stress intensity factor for this case is
K = vya 0. Therefore fracture would be predicted at the critical stress
Co = KE/J;EZ where Kc could be obtained from a small and reasonably
simple laboratory test specimen. Here again we have the size effect
equal to the inverse square root of the crack length.

Since the stress intensity factor describes the elastic stress
and strain distribution at the tip of the crack it would be expected
that there should be some relationship between K and the energy release

(85)

G. It has been shown by Irwin that the following relations exists:

K = VGE (for plane stress) (14)
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K =\ —2E 5 (for plane strain) (15)
)

(1 -v

Where E is the elastic Modulus and v is Poissons ratio. These relation-
ships show that the two approaches (stress intensity and energy release
rate) are equivalent.

The theory of elasticity is used in the determination of the
stress intensity factors for various geometries and loading conditions,
and in the analysis it is assumed that the root radius of the crack is
equal to zero. These two facts place rather significant restrictions
on the use of a critical stress intensity factor as a criterion for
failure of an initially cracked body. Due to the extremely high stress
concentration at the crack tip, plastic flow will occur in a zone around
the crack tip. If the zone of plastic flow is small compared to area
around the crack tip in which the elastic stresses are accurately
described by equation (13), then the stress intensity factor will ade-
quately represent the elastic-plastic stress and strain conditions at
the crack tip. Therefore, the requirement is imposed thatvthe size of
the plastic zone at fracture must be very small combared to the total
volume of the cracked body. This same restriction was imposed on the
energy approach.

It has also been shown(éh) that the value of K& is sensitive
to the size of the crack root radius (Figure 15). For many materials
the value of Kc decreases in proportion to the decrease in the square
root of the root radius until the root radius reaches some minimum
value. As the root radius decreases below this value the magnitude of
KE remains constant. To eliminate the effect of the root radius, KE
is determined by using a fatigue crack in the test specimen and there-

fore can only be accurately applied to structure cracks of similar

sharpness.
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¢c. Applicability of Linear Elastic Fracture Mechanics

Even though the use of linear elastic fracture mechanics is
limited to sharp flaws for which the size of the plastic zone at fracture
is small, it still has a wide area of application. Due to the analytical
character of the method, it can quite readily be incorporated into design
procedures. Since it is a single parameter criterion it is very con-
venient to use in materials evaluations. The ever increasing availability
of valid experimentally determined fracture data expressed in terms of
fracture mechanics parameters also makes the use of this approach
advantageous. A similar statement can also be made with respect to the
availability of analytic solutions for the stress intensity factors of
various geometries. In addition it has been demonstrated that slow
crack growth rates caused by low stress level cyclic loading and stress

corrosion can be related to the crack tip stress intensity.

6.1.3.4 Elastic-Plastic Analysis

If any of the previously discussed stress analysis approaches

are to be extended beyond their present limitations, it is apparent that
rather rigorous elastic-plastic solutions must be obtained for at least
a few simple geometries containing cracks. Such solutions are needed to
properly interpret test data. Careful studies of test results obtained
from specimens for which the exact stress-strain distribution is known
would be of significant aid in determining what parameter of parameters
might best be used to predict the onset of fracture.

f course after these parameters have been established by such
an investigation, it would be desirable t0 have elastic-plastic solutions
available for many other geometries containing cracks and notches so that
reasonable estimates of the elastic-plastic stress and strain distributions
around cracks in more complex structures can be estimated.

The major obstacle to such an investigation is the availability
of elastic-plastic solutions. Although the presently accepted funda-

(86)

assumptions, the mathematical difficulty which the solutions to these

mental eguations of plasticity are already based on some simplifying

equations creates is quite extreme. Therefore, only a limited number of
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elastic~plastic solutions for cracked bodied and notches are available.
But presently a great deal of effort is being directed toward the
solution of elastic-plastic problems, and in the future it appears that
a significant number of solutions will be available.

This more sophisticated approach should also reveal whether
the same fracture criteria can be used for all materials. For example,
the fracture of one material could be dictated by the maximum strain
criteria, but for another material, fracture may be dictated by a maxi-
mum stress criteria. It cannot necessarily be assumed that the same
macroscopic criteria will apply to all materials, for plasticity theory
is agpplied to a macroscopic continuum whereas fracture occurs on a

microscopic level.

6.1.3.5 Statistical Considerations
All of the stress analysis methods discussed above predict a

geometric size effect for equally proportioned specimens containing
sharp cracks. In addition to this type of size effect, there is a
statistical size effect which must be considered. This effect is most
easlly described by comsidering smooth specimens. For the smooth
specimens the statistical size effect is due to the fact that the
probability of the presence of a flaw large enough to cause fracture
increases with the size of the specimen. Weibull(87) has shown that
for inhomogeneous smooth specimens the statistical size effect may be

expressed as

1
o V. n
gj— = () (16)
2

where oy and o, are fracture strengths of two geometrically similar

specimens having volumes Vl and V2 and n is known as Weibull's co-
efficient. The coefficient n represents the density of the flaw
distribution. At present n cannot be related to any physical charac-

teristic of materials and must be determined experimentally for each
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material. In using equation (16) it is assumed that the density of flaws
in each volume under consideration is equal. But this is usually not the
case due to the differences in the manufacturing processes used for
structures of different sizes.

When the statistical size effect is considered for a notched
structure or for one that contains a comparatively large sharp crack
the situation becomes much more complicated. The presence of smaller
cracks of an inhomogeneous material in the vicinity of the root of the
notch or of the large crack will cause the strength of the structure to
be less than it would be if the small cracks were not present. There-
fore under these conditions it would be expected the size effect would
be a combination of the geometric size effect and the statistic size
effect. Usually in the presence of severe notches or cracks the
statistical size effect is small compared to the geometric size effect.
The results of a study of the interaction of these two size factors is

presented in Reference 62.

6.1.4 SELECTION OF THE MOST APPLICABLE APPROACH

The linear elastic fracture mechanics type of stress analysis
approach is selected as being most applicable to satisfying ATAC's need
for design and material selection criteria for the prevention of brittle
fracture in the future use of high-strength materials. While linear
elastic fracture mechanics is an engineering method within the discipline
of continmuum mechanics, the subject is broad and interdisciplinary.
In essence this approach represents the most sophisticated, yet the most
simple, direct and quantitative method currently available for attacking
the problems associated with the brittle fracture of high-strength
materials. The procedures and criteria developed from the technology
provide a sound basis for dealing with the interrelated aspects of
material properties, defects and applied stresses, and ultimately,
determining the load-bearing capacity of components or structures.
None of the transition temperature approaches the desired quantitative
capability that is required, particularly with regard to the high-

strength materials of interest in this program.
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Of all the stress analysis approaches considered in Section 6.1.3,
only the fracture mechanics approach and the stress concentration
approach appear at present to.be applicable for both design considerations
and materials evaluation. Both are amalytically compatible with design
procedures. In addition, a substantial amount of basic experimental data
has been accumulated for each approach. In the case of sharp cracks with
zero root radius, the case for which we are specifically concerned, both
approaches lead to the same relations between geometric parameters and
external fracture loads. The choice of the fracture mechanics approach
over the stress concentration approach was made because the major
emphasis in the field of brittle fracture at present and in the recent
past has been on fracture mechanics. In addition, fracture mechanics
readily lends itself to the ‘development of engineering procedures and
criteria. Most experimental data and technical advancements published
in the field of brittle fracture are presented from a fracture mechanics
viewpoint. These advancements are typified by Kraft's strain hardening
exponent approach to the effects of strain rate on fracture, and Well's
crack opening approach to fracture occurring with substantial yielding.

While the employment of fracture mechanics concepts, ex-
pressions, and data may initially appear to be quite complex to the
uninitiated designer or materials engineer, a familiarity with the
subject coupled with proper consideration of all the factors in a
logical, systematic fashion can evolve into relatively simple and
quantitative engineering procedures and design criteria. A brief
description .of the basis of the approach and its capabilities follows.

The basis of the concept is that the fracture toughness of a
material in the presence of a sharp crack can be expressed as a material
parameter, analogous to yield strength. This parameter is usually
described in terms of "GIC" (eritical crack extension force, in lbs/in.g)
or KIc (critical stress intensity factor, psi Viﬁ.). Both GIC and Kic
are commonly referred to as "fracture toughness." Being a material
parameter, the fracture toughness, once properly determined under one
set of conditions, is applicable to other conditions, i.e., geometry,

flaw size, and loading conditions. The values for GIc or KIC_must be
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determined experimentally and several types of specimens and loading
conditions have been successfully employed to obtain these measurements
of fracture toughness.

Once properly determined, the fracture toughness parameters,
used in conjunction with appropriate mathematical expressions relating
toughness, defect size, applied stress, and a geometrical factor for the
‘relative geometries of the defect and component, can be employed to make
quantitative determinations of the effects of specific defects in specific
situations. Expressions relating the fracture toughness and the load-
bearing capacity of defect-containing structures or components are
available for a number of geometries, loading conditions, and types of
defects. Such expressions nearly always involve the following terms:
the fracture toughness, the applied stress, the elastic modulus, the
yield strength of the material, a linear dimension of the crack or defect,
and a proportionality term dependent only on the manner of loading and
the relative geometry of the defect and structural component.

The implementation of the fracture toughness approach for
determining load-bearing capacity is rather straightforward. Knowing
the fracture toughness of the material in question for the temperature
range of interest, and the size of the defects from a nondestructive
evaluation, it is possible to evaluate the load-bearing capacity of

the structure by inserting the G, or KIc and defect size numbers in

the appropriate expressions and gglving for the stress. Conversely,
knowing the toughness and applied stress, it is possible to estimate
the critical defect sizes that are required for catastrophic failure.
These, in turn, can be compared with performance capabilities of the
nondestructive test techniques that may be employed to detect flaws.
For a given level of toughness, the applied stress that is required
for catastrophic fracture decreases as the crack size increases; the
stress is proportional to the inverse square root of the defect size.
For a given defect size, a decrease in toughness results in a lower
applied stress for fracture. Thus, an estimate of the critical com-

bination of defect size and applied stress that is required for fracture
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may be readily determined if one knows the toughness of the material and
either one of the other two variables. »

It should be realized that the foregoing paragraph is intended
only to provide a general idea of the application of the fracture tough-
ness approach, and to emphasize the interplay between toughness and
defect size in determining the load-bearing capacity of a structure.

For a precise evaluation of any specific situation, considerably more
detailed information is required regarding the following: the tempera-
ture dependence of the fracture toughness (KIc or GIc) in the range of
interest; the location, size, shape, orientation, and type of defect;
the direction and magnitude of the applied (plus possible residual)
stresses acting on the defect; the slow growth characteristics of a
sub-critical size flaw under sustained or cyclic loading at the appli-
cation temperatures; the relative geometry of the structural member and
the defect; and the proper criterion of fracture toughness to be employed.
These factors are discussed in detall in subsequent sections of this
report. ' '

By properly combining evaluations of crack growth characteris-
tics with linear elastic fracture mechanics technology, engineering
procedures and criteria are established whereby one can answer questions
such as: What type and size of defect can be tolerated under the design
load? Conversely, what stress levels can be tolerated in the presence
of some known defects? What is the maximum size flaw that can be
initially accepted with the assurance that it will not grow to a critical
size during the desired life of the structure? What size defects must
be removed and repair made? How do metallurgical and fabrication varia-
bles affect the maximum allowable initial flaw size, the flaw growth
characteristics, and the critical size flaw for catastrophic failure?
Wnat are the capabilities of the available, practical, nondestructive
inspection techniques relative to these sub-critical and critical flaw
sizes? If an unexpected failure should occur during proof testing or
operation of a pressure vessel, what will be the nature of the failure -
a localized splitting and leakage or an extensive bursting with frag-

mentation? What fracture toughmness and crack growth characteristics
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are required in a material for a given application in terms of practical
methods of testing, fabrication, welding, and inspection? What are the
realistic operational limitations of structures containing defects?

Linear elastic fracture mechanics technology, combined with
appropriate information concerning stresses, defect size, and slow crack
growth rates can be and has been employed to provide answers to the above
type questions. At present the application of the technology is limited
to those materials for which valid fracture toughness parameters can be
determined, and to applications where sufficient section size and re-
straint prevail so that an essentially plane strain state of stress
exists in the region of the defect. In those situations where gross
plastic deformation occurs in the region of the defect because of
extremely high toughness and/or thin sections where a plane stress
state of stress exists, further developments are regquired before the
technology can be successfully applied.

The next section (6.2) of this report provides a comprehensive

review of the state of the art of fracture mechanics.
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Section 6.2
SUMMARY QF THE STATE-COF-THE ART OF FRACTURE MECHANICS

6.2.1 BRIEF DESCRIPTION OF THE EVOLUTION OF THE APPROACH

The fracture mechanics approach which is now being extensively
used has grown from a concept presented by Griffith(l) in 1920. Griffith
suggested that the fracture strength of very brittle materials (glass)
would be limited by the largest of a distribution of tiny cracks always
present in the meterial at the time of testing. He suggested that the
strength could be celculated from solid state surface energy and crack
size by a critical instability relation. Instability was assumed to
occur when the strain energy release rate with crack extension exceeded
the rate of increase of surface energy. Griffith's experimental results
obtained from glass were high compared to those predicted by his theory,
but the results were encouraging.

Due to the increased occurence of brittle fracture failures
during the World War II period, Griffith's energy concept was re-examined.
In 1948 Irwin(z) proposed that the Griffith theory could be modified and
applied to metals which are not as brittle as glass by considering the
energy balance between the strain energy release rate and the plastic
strain work rate required for crack extension. At approximately the same
time Orowan(3) (1949) suggested a modification of the Griffith theory very
similar to that proposed by Irwin but inferred that the theory could be
used only for relatively brittle materials. In 1952 Irwin and Kies(h)
showed that the modified form of the Griffith concept in which the plastic
strain work is considered could be widely employed in fracture strength
analysis in the presence of substantial amounts of plastic strain so long
as fracture occured prior to general yielding. This subsequently led to
the extension of the modified Griffith approach to design applications.

In 1957 it was shown(S) that the energy release rate G, could
be directly related to the stress intensity factor K. Subsequently the
stress intensity factor approach to brittle fracture has surpassed the

energy release rate approach in general acceptance and use.
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In 1959 the ASTM Special Committee on Fracture Testing of High
Strength Metallic Materials was formed. The committee has provided tenta-
tive recommendations on crack toughness measurement procedures which have
received extensive use. In general the recommendations of the committee
have been based on fracture mechanics concepts. A significant recommen-
dation made by the committee has been that test specimens should have
fatigue cracked flaws and plane strain conditibns at the crack tip.

In 1963 it was shown by Paris and Erdogen(6) that cyeclic crack
growth could be expressed as a function of the stress intensity feactor.
Later, 1965, it was also demonstrated by Johnson and Willner(7) that slow
corrosive crack growth could be expressed as a function of the stress
intensity factor. Since about 1960 the number of publications dealing
with fracture mechanics concepts and applications has increased at an

extremely high rate.

6.2.2 DESCRIPTION OF BASIC CONCEPTS AND TERMINOLOGY

An understanding of the various aspects of fracture mechanics
requires a knowledge of the related terminology and concepts. The
necessary terminology consists of that which is common to fracture mechanics
only and that which is related to fracture in general. Some of the terms
used in the field of fracture mechanics have a number of somewhat different
meaning and the exact interpretation will depend upon the context of the
terms. Some of the more significant concepts and terminology will be

defined and discussed in this section.

(8)

The fracture surface of a body can be described in macrosopic

6.2.2.1 Fracture Appearance

terms or in microscopic terms. The macroscopic viewpoint usually involves
a description of the orientation of the fracture plane and an unaided eye
description of the texture of the fracture surface. In general the
orientation of the fracture surface can be placed in one of two categories:

(1) flat fracture or (2) slant fracture as indicated in Figure 1 (a) and

(b).
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The term flat fracture is used when the plane of the fracture
surface 1s perpendicular to the axis of a high tensile stress. Flat
fracture is also commonly referred to as square fracture. In general
this orientation of the fracture surface accompanies fracture which occurs
with relatively little plastic flow at the fracture surface. This type
of fracture usually has a granular or crystalline appearance.

When the plane of the fracture surface is oblique to an axis
of high tensile stress, the term slant fracture is used. This type of
fracture is usually accompanied by large amounts of plastic flow in the
fracture area and occurs on planes of high shear stress. Slant fracture
is usually accompanied by scratches and striations on the fracture
surface and is fibrous in appearance.

In most cases the iracture surface is composed of both a slanted
segment and a flat segment as shown in Figure 1(c). This condition will be

discussed further in the section of thickness transition (6.2.2.9).

Dwg. 748ALS2
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Sec. 6.2 Fig. 1 —Modes of fracture
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Surfaces observed through a light microscope are sometimes
classified as brittle if the fracture path is transcrystalline (through
the grains) or intercrystalline (along the grain boundaries). A ductile
fracture is generally characterized by a fibrous tearing of the grains.

Observation by the electron microscope reveals another level
of fracture surface description. The descriptive terminology used at
the level will not be discussed here because of its limited use in engi-
neering design at the present time. Electron microscope studies of
fracture surfaces are providing quite valuable in investigations aimed

at determining the microscopic parameters which govern the fracture process.

6.2.2.2 Brittle Fracture and Ductile Fracture

Due to their extensive use the terms brittle fracture and

ductile fracture have accumulated a number of somewhat different inter-
pretations. This difference in interpretation can be related to the
different viewpoints which are being considered when the terms are used.
When discussing brittle and ductile fracture,vthree levels of consideration
can be used; (1) the component level, (2) the level corresponding to the
area local to the crack tip, and (3) the microscopic level. '

At the component level, the interpretation of brittle fracture
and ductile fracture is related to the load deflection curve of the com-
ponent. If the load-deflection curve has remainéd relatively linear up
to the fracture point as shown in Figure 2(a) then the fracture is defined
as brittle. If the load-deflection curve became appreciably non-linear
before fracture as shown in Figure 2(b) then the fracture is referred to
as ductile.

On the level corresponding to the local macroscopic fracture
surface the fracture is referred to as brittle if the fracture is flat
and accompanied by a minimum of plastic flow. The term ductile fracture
is used if the fracture surface is slanted and large amounts of plastic
flow are observed at the fracture sufface.

At the microscopic level fracture is considered brittle if the
fracture surface is granular or crystalline in appearance. At this level
ductile fracture is defined as that which has a fibrous jagged appearsance

and is usually accompanied by striations and scratches.
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Ductile fracture at component level
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Sec. 6.2 Fig. 2

6.2.2.3 Frangible and Tough
Frangible and tough are terms which are now being used instead

of brittle and ductile in certain situations. As just discussed, brittle
and ductile can have a nuﬁber of someﬁhat different meanings, and the
particular meaning intended in each situation is not always clear. The
terms frangible and tough are used to eliminate some of this confusion.
When fracture occurs at a nominal stress below the yield stress of the
material and the amount of plastic flow at the fracture surface is small
the fracture is referred to as frangible rather than brittle. Similarly,
when the fracture stress is greater than the yield stress and gross plastic
deformations have occurred the behavior is referred to as tough instead

of ductile.

6.2.2.4 Modes of Fracture
The mode of fracture refers to the direction of the relative

motion between the two corresponding crack surfaces during the fracture
process. The relative crack surface movements can be resolved into three

basic modes. In mode I, the opening mode, the crack surfaces move opposite
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and perpendicular to each other as shown in Figure 3(a). 1In mode II, the
forward sliding mode as shown in Figure 3(b), the two crack surfaces move
in approximately the same plane and in a direction perpendicular to the
line of the crack tip. Mode III, the tearing mode as shown in Figure 3(c),
is the mode in which the two corresponding crack surfaces move in approx-
imately the same plene and in a direction which is parallel to the line of
the crack front. These three modes are sufficient to describe all forms

of crack surface displacements. The flat fracture described previously

is equivalent to mode I. Also the slant fracture can usually be related

to mode II. Normally the fracture of flat specimens involves both a flat
and a slant surface so that both modes I and II are involved. Most fracture
mechanics studies are predominantly mode I although some limited studies(9)

of mode II and III have been performed.

Dwg. 748AL56

Mode I Mode 11 Mode 111
(a) (b) : (c)

Sec. 6.2 Fig. 3 —Basic modes of crack surface displacements

87




6.2.2.5 Energy Release Rate
The energy release rate, G, of an elastic body subject to

external loads and containing a crack is the energy, per unit of new

crack area, provided by the body for the crack-extension process. This
concept was discussed in some detail in Section 6.1.3.3.a{v In‘ﬁrief, it
was shown that the released energy was provided by the work of the external
forces acting on the body and the change in the eiastic strain energy of
the body during the crack extension. Neglecting small‘order terms, the
energy absorbed by the fracture process is that needed to perform the
plastic work at the crack tip as it extends.

If the size of the plastic zone at the crack tip of an aétual
specimen is very small compared to the total volume of the specimen, then
the elastically determined energy release rate can be considered to be
approximately equal to the actual energy release rate of the specimén.

The energy release rate of the cracked body is a function of
the mode of crack extension. The energy release rates corresponding to
modes I, II, and III are defined as Gy» Gpps @nd Gp.., Tespectively.

Once the elastic stress and strain distribution of a body con-
taining a crack are known the energy release rate of the body can be

determined by means of equation (9) of Section 6.1.3.3.a.
%!
G=- (ﬁ)a

6.2.2.6 Stress Intensity Factor
The crack tip elastic stress fields, of all bodies which are

loaded such that the crack surfaces have a mode I type of displacement,
differ by a multiple constent only. As presented in Section 6.1.3.3.Db

the general stress distribution for this class is
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g = cos = 1l - sin = sin =~
X (2nr)112 2 ] 2 2 ]
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T = sin = cos
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o, =V (cx + oy) (plane strain)
o, =0 (plane stress)

T =T =0

xy = 'yz

where the coordinate system is shown in Figure 4 and KI is defined as
the mode I stress intensity factor. The displacement fields also differ

by only a multiple constant and have the form (for plane strain conditions):

i 2(l+v)KI E_- 1/2 e -l-2v Y
b=—F e %% 3 _ 5

— ?.(_E:ZZ.K_I E‘._‘ 1/2 sin .?. .2-2\/ - C052 9. (2)
V="T% o 3 2
w = O (plane strain)

where u, v, and w are the displacements in the x, y, and z directions
respectively. Equations (1) and (2) are only exact as r—»0. That is,
the stress intensity factor only parametrically describes the stress
field in a vicinity local to the crack tip. The stress intensity factor
for each crack is a function of the geometry of the body contaeining the
crack, size and location of the crack, and of the distribution of the
external loads on the body. The means of determining the stress intensity
factor for various geometries and loading conditions will be discussed in
Section 8.2.k.
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and the stress components in the crack tip stress field.

The stress and displacement fields around thé tipbof cracks,
whose surfaces have the mode II type of relative displacement, also differ
by only a multiple constant. The constant is defined as the mode II stress
intensity factor KII’ The general distribution of the mode II stress and
strain fields at the crack tip are given in reference (10). Similarly,
the stress and strain distribution around the tips of mode III type cracks
differ by only a multiple constant, KIII’ and have a genéral form which is
also given in reference (10).

The stress intensity factors for the various crack displacement
modes act as a single parameter representation of the conditions at the
crack tip. Since the stress intensity factors are determined by use of
elastic conditions, the size of the pléstic zone must be small compared
to the zone at the crack tip'in which the stress intensity factor
accurately describes the elastic stress field. If the relative size of
the plastic zoné just priof to fracture is not small, then it cannot be
expected thaf the elastically>determined stress intensity factor will give

single parameter representation of the fracture processes at the crack

tip.




The stress intensity factors and the energy release rates for

the various modes are directly related. The relationships(lo) are
2
_(1v7) 2 .
G = 5 K; (plane strain)
2
_(3-v) 2
Gy =~ Kip (plane strain) (19)

G _ (1+v0) K 2

IIT - E IIT

and for the case of plane stress:

KI2

G = =% (plane stress)
2
KII

Gr1= 5 (plane stress)

6.2.2.7 Plane Stress and Plane Strain

The state of stress throughout most bodies usually fall between
the limits defined by the states of plane stress and plane strain. In a
few limiting cases a body will be completely in a state of plane stress
or completely in a state of plane strain. But normelly it will consist
of sections which are in a plane stress state, sections which are in a
plane strain state, and sections whose state is somewhere between these
two limits. In the mathematical theories of elasticity and plasticity
the terms plane stress and plane strain are defined in a rather rigorous
manner, but when the terms are used in the field of fracture mechanics
these rigorous definitions are sometimes relaxed somewhat.

In the mathematical theory or elasticity and plasticity, a state
of plane stress exists when the following conditions are satisfied:

c =1 = = 0. An example of a plane stress condition is a very thin

Z Xz Tyz
sheet which is subject to in-plane external loads which do not vary in

intensity through the thickness of the sheet.
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Similarly, a state of plane strain exists when the following
conditions are satisfied: € = Typ = Tyz = 0. For elastic conditions
these relations insure that o, = D(cx + oy). A long cylinder which is
restrained at its ends and whose external load distribution doesn't vary
in the axial direction is an example of a body in a plane strain state.

Another state of stress which is commonly referred to is that
of relative plane strain. This state is defined as one in which
2 eo and Txy = Tyz = O where € is a constant. Under these conditions
Eec, + u(ox + oy) in the elastic range. A cylinder vhose ends are

o
z 0
not restrained and whose external load distribution doesn't vary in the

€

axial direction is in a state of relative plane strain.

As stated above most bodies have regions which are in a state
of plane stress, regions which are in a state of plane strain, and also
reglons whose state falls somewhere between the two limits. TFor instance
a relatively thick plate subject to in-plane loading has a plane strain

region at mid-thickness and a plane stress region at the two lateral sur-

faces.

6.2.2.8 Plastic Zone Size
Equations (1) of Section 6.2.2.6 indicate that the elastically

determined stresses approach infinity as the crack tip is approached
(r—>0). Therefore, since most engineering materials have finite yield
stresses plastic flow will occur in a zone surrounding the crack tip
prior to fracture. This plastic zone has been expérimentally observed
on the outside surface of specimens and experimental attempts(ll)
been made to determine the size of the zone away {rom the surfaée aréa.
From an analytical point of view the size of the plastic zone could be
determined by a rigorous solution of the appropriate plasticity equations.
Due to the mathematical difficulty involved in such an approach an exact
solution has only been obtained for a mode III crack.(lz) Numerical
solutions have been used to obtain the size of the plastic zone in the
more interesting mode I type of crack configuration.(l3)

A rough estimate of the size and shape of the plastié zone for

mode I cracks can be obtainéd by assuming that the elastic stresé dis-~
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tribution given in equations (1) of Section 6.2.2.6 is valid up to the
plastic zone boundary. The plastic zone sizes obtained by this method
are shown in Figure 5. The shape of the zone for conditions of plane
strain and plane stress are shown for both the von Mises yield condition
and the Tresca yield condition. The zones will actually be larger than
those shown for the various conditions because of the relaxation of the
elastic stresses caused by the yielding. The higher'the amount of
material strain hardening the more exact this approximation becomes.
Also the size of the plastic zone must be small compaféd to the zone in
which the elastic stresses can be described by equétions (1). If this
situation doesn't exist then the size and shape shown in Figure 5.will
not be realistic. ‘

In a relatively thick plate the size of the plastic zone at mid
thickness would be approximately equal to the zone size shown for the
plane strain condition in Figure 5. The size of the zone at the lateral
surfaces would be roughly equal to that shown for the plane stress case
in Figure 5. The variation in zone size between the mid-thickness and
lateral surfaces would be expected to be similar to that shown in Figure 6.

It should be noted that for a plate of fixed thickness the
dimensions'pf the plastic zone are approximately proportional to (KC/GYS)2
ana the volume of the plastic zone is approximately proportional to

(KC/UYS)M. This conclusion can be arrrived at trom a study of Figure 5.

6.2.2.9 Fracture Mode Transition with Variation in Plate Thickness

The effect of plate thickness on the critical stress intensity,
Kc’ of a material is illustrated in Figures7. The results shown here were
obtained from specimens which were tested at the same temperature and load-
ing rate and which were independent of metallurgical processing
variables. The specimens were also of sufficient width to give valid
results at each thickness (6.2.2.10). Also shown as a function of thick-
ness 1s the percent oi square fracture. In general most high strength
metals have the same trends and features as are demonstrated in Figure 7.
As the mode of fracture changes with increasing plate thickness from 100%

slant {racture to approximately 100% square fracture, the stress intensity
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factor decreases in magnitude and assymtotically approaches a lower limit

defined as KIc and referred to as the plane strain critical stress inten-

sity factor. Of course a similar plot in which Gc is used instead of Kc
will have the same features. In this case the lower limiting value is

defined as GIc and refer to as the plane strain fracture toughness.

The traensition in the [fracture mode and decrease in KC with
increasing plate thickness have been qualitatively related to the change

in the size of the plastic zone at the crack tip with increasing thick-

(14)

ness. Also quantitative estimates have been made of the thickness

needed to measure KIc values. These estimates usually require that the

plate thickness be equal to or greater than some multiple of the plastic
zone size and are expressed in the form B = (KIC/UYS)2 where B is

plate thickness, is the uniaxial yield stress of the material and

o.
YS
is a numerical constant. The value of & varies from material to

material. Therefore, an estimate of the plate thickness needed to obtain
a valid K o value involves an initial guess as to the value of & and K

I
for that material. For many materials an initial guess of @ would be

Tc
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between 2.0 and 3.0. The only reliable way of determining KIc is to test
specimens at increasipg thicknesses until the Kc values approach the
lower limiting value.

The plane strain critical stress intensity factor KIc is of
particular importance because it represents a lower limit of the tough-

ness of a material. Since KIc represents the toughness of a material

under the most severe conditions, it can ve used as a basis for rating
the relative susceptibility of materials containing cracks to fail by
catastropic fracture. But in design situations in which plane strain
conditions do not exist, a comparison of KIc values could lead to

erroneous conclusions concerning the choice of the toughest material for

an application.

6.2.2.10 Effect of Plate Width
As stated previously, the use of the stress intensity factor,

which is determined from elastic conditions, as a single parameter
representation of conditidns at the crack tip requires that the plastic
zone at the crack tip be smell compared to the area in which the elastic
crack tip stress field is accurately described by equationé (17). The
limitations of the use of Kc as the fracture parameter with respect to
this consideration are demonstrated in Figure_8. In this figure critical
stress intensity factors obtained from center cracked specimens, differing
in absoclute size, are shown. As the size of the specimens decreases below
a certain size, it is observed that Kc no longer remains constant, and,
therefore, the use of K as a single parameter fracture criteria in this
size range becomes invalid. Since the size of the plastic zone at failure
in each of these specimens is approximately the same, it is apparent that
the decrease in Kc is due ‘to the increase in the size of the plastic zone
compared to the other dimensions of the specimens. Therefore if Kc is .to
be independent of geometry for a fixed thickness, temperature, and loading
rate, the absolute size of the specimen must be greater than some "minimum
size". For each geometric configuration the "minimum size" must be deter-
mined experimentally or estimated by use of previously determined experi-

mental information. No analytic method for determining "minimum size" is

presently available.
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6.2.2.11 Plastic Zone Size Correction Factor

The size requirements needed to obtain valid Kc measurements
at various thicknesses can be relaxed somewhat by use of a plastic zone
correction factor. Based on a suggestion made by Irw1n,( 5) the effect
of & limited amount of plastic flow at the crack tip can be corrected for
by adding a ficticious incremental length, rY, to the physical crack
length 8. and then using this corrected crack length, a = a, + r¥6)
calculatlng K . For plane stress conditions the correction term
ry = K; /Eﬂc S2 Snd for plane strain conditions the term is
Ty = KIc2/6noYS .

The theoretical basis for this correction is related to an
elastic-perfectly plastic solution obtained by MeClintock and Hult,(l7)
for a mode III crack configuration. The solution showed that the elastic
stress field surrounding the small plastic zone was exactly the same as
the stress field of a totally elastic body whose crack tip was placed at
the center of the plastic z.ne. This meant that the effective crack
length was equal to the physical crack length plus half the diameter of

(15)

above correction factors were obtained.

the plastic zone. By use of an analogy between mode III and I the
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Use of the plastic zone correction factor is valid when the
amount of yielding at the crack tip is small. If gross yielding occurs,
then the use of the correction factor is of no aid, and linear elastic

fracture mechanics cannot be used under these conditions.

6.2.2.12 Slow Crack Growth
All of the previous considerations of fracture mechanics in

this text have been concerned with the prediction of the loads at which
the onset of rapid catastropic crack growth will occur. There are also
many other areas in which the principles of linear fracture mechanics

can be applied. One of the most promising is that of stable slow crack
growth due to either cyclic loading or sustained loading in a corrosive
environment. Since the stress intensity factor, K, defines the stress-
strain distribution at the crack tip, under previously indicated conditions
(sufficient size, etc.), it would be expected that the crack growth rates
under similar conditions should be a function of the K parameter.

The general applicability of the stress intensity factor as a
fatigue crack growth parameter is demonstrated by the results reported
by Paris(18) and shown in Figure 9. The correlatioﬁ of the crack growth
rates of these two different geometries by use of the stress intensity
factor is quite good. Correlations similar to this for other geometries
and materials led to the conclusion that within specific limitations, the
rate of crack growth of a fatigue crack in a given material and environ-
ment depends, uniquely, on the local time-history of the stress intensity
factor at the crack tip. This conclusion mekes it possible to predict the
fatigue life of various precrack geometries subject to known loading
time-histories by use of data obtained from crack growth studies on a
single specimen geometry.

Under the more restricted conditions of constant environmental
conditions and sinusoidal loading, it has been shown that the stress
intensity crack growth law can be put in the mathematical form(ls’lg)
da/dN = f (AK) where N is number of cycles. That is, the crack growth
rate, da/dN, is a function of the change in stress intensity, AK, per cycle.

Paris(l8) has shown that for many materials the law has the more specific
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Sec. 6.2 Fig. 9 —Correlation of crack growth rates 7075-T6 aluminum alloy
under sinusoidal toading with cyclic change in stress intensity, AK (18)

form da/dN = CO (/\K)h whefe Co is a material constant. Also a second
pover law, da/dN = CO (AK)2, has been developed by Liu(l9) from analytic
considerations and has been shown to fit test results from some materials.
Of course, the general use of the stress intensity approach to fatigue
crack growth is not dependent on the validity of either of these specific
relations.

(20)

demonstrate that stable slow crack growth under static loading in high

Experimental results from work by Johnson and Willner

strength steels subject to high humidities can also be expressed as a
function of the stress intensity factor. As shown in Figures 10 and 11,
for the materials considered the crack growth rates for fixed environ-
mental conditions are linear functions of the stress intensity. Investi-
gators are presently considering the effects of fatigue crack growth in
a corrosive environment from a stress intensity point of view.

In addition to not being applicable to erack initiation
considerations, the use of the stress intensity factor as a crack growth

parameter has the same limitations as those which have been discussed in

99




Curve 577741-A

0.08

0.07

0.06

0.05

0.04

0.03

0.02

Crack Growth da/dt = {in/min)

0.01

0 1 | | I
20 24 2 32 36 40

Stress Field Parameter K - (103 X lb/in2 x/in)

Sec. 6,2 Fig. 10:—Crack growth rate versus field parameter for 100 per cent
R.H. at 80 °F, Data for H-11 steel, at 230,000 Ib/in® yield strength. (20)

Curve 577742-A

T T T

0.07 |- -1

0.06 |- i
=

E -

£ 0.05 -1
T
]

2 omal- N
P
®
(-4
F =

§ 0.03 - .
(4]
]
&
(&)

0.02F ~

0.01 - -

0 ! | ! 014

2 2] 30 35 ]

Stress Field Parameter K —+ (103 X lhlin2 x in)

Sec. 6.2 Fig. 11 .—Summary plot: crack growth rate versus stress field
parameter for several relative humjdities at 80 °F. Data for H-11 steel,
at 230, 000 Ib/in® yield stress (20)

100




rapid catastropic crack growth considerations. In brief this means that
the size of the plastic zone must be small and gross yielding must not
be present. Such limitations in general restrict the use of the stress

intensity concept to low-stress high-cycle crack growth situations.

6.2.3 INFLUENCE OF MECHANICAL AND METALLURGICAL VARIABLES

6.2.3.1 Mechanical Variables

The two variables of temperature and strain rate (or loading

rate) are the predominate mechanical variables which can have a strong
influence on KIc -- the plane strain fracture toughness parameter for the
opening mode of fracture. 1In considering these variables, it is convenient
to divide the materials into two categories; the high strength steels,
aluminum and titanium alloys which are relatively insensitive to variations
in temperature and strain rate, and the low-strength, strain rate and
temperature sensitive materials. It must be realized‘that the degree of
sensitivity is relative, and therefore no sharp distinction between a
sensitive and insensitive behavior can be made. As a guide, the Special
ASTM Committee on Fracture Toughness Testing of Metallic Materials* has
suggested(gz) that materials with a strain rate sensitivity that does not
exceed that found in martensitic steels heat treated to 200 ksi yield
strength be considered as insensitive.

In considering the high strength materials, it should be realized
that there can be except%onsg§§ the general insensitive behavior pattern
22-

Some of the valid KIc data accumulated

during the literature search (Appendix I) conducted in this project indicate

which has been reported.

an inconsistent behavior in the temperature dependence of the high strength
materials. For example, the D6AC, H-11l, AM355, and HP 9-4-25 quenched and
tempered steels exhibit an appreciable increase in K with increased
temperatln'e.(25 -27) In SAE L4340 steel, the data from tWo 1nvestigat10ns(2 »27)
show KIc to be temperature dependent, whereas a third study( 5)

a temperature independent behavior. A similar difference in behavior is

reports

* Now designated as ASTM Committee E24 on Fracture Testing of Metals with
four Subcommittees.
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(25,26,28)

observed for the various investigations of 18% Ni maraging steels.
Strain rate experiments were not included in these studies, but based on
the temperature dependence behavior, a corresponding effect of strain rate
could be anticipated. In another study, Krafft(eu) investigated strain
rate effects at various temperatures in a 300 ksi yield strength maraging
steel and observed only minor effects compared to lower strength steels.
Figure 12 illustrates the strain rate sensitivity of the maraging steel.
Because of these inconsistencies in the temperature dependence of KIc of
high strength materials, it seems advisable that no generalizations be
made when considering a specific material for a specific application.
In this case, it is recommended that the temperatures and strain rates
employed in the determinations of KIc correspond to those prevailing in
the intended application. As a first approximation, however, those
materials which exhibit an increase in yield strength with decreasing
temperature or increasing strain rate can be expected to exhibit a decrease
in KIc for those conditiops which produce an increase in yield strength.
The temperature and strain rate dependence of KIc of the lower
strength materials, such as the structural steels, have received much more
attention than the high strength materials because these materials are
known to exhibit pronounced changes in strength and toughness as a function
of temperature or strain rate. Krafft has conducted several investiga-
tions<23’2h’29’30) with low strength steels in attempts to relate KIc
and temperature, strain rate, yield strength, and work hardening exponent.
The results of Krafft's investigations show marked strain rate dependence
on KIC in ship plate, ASTM A302B steel, and a 150 ksi'yield strength
guenched and tempered steel. Some typical results for a mild steel are
shown in Figure 13. Note that the rate of decrease of KIc with incressing
strain rate becomes more pronounced at the higher temperatures where the
yield strength is lower. '

The general behavior of KIc as a function of strain rate is
illustrated in Figure 1lk. While the data shown(23’3o) are specific to
mild steel tested at ~120F, the basic form of the curve is believed to

be representative of the general behavior of strain rate sensitive materials.
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The data on the left side are estimated values of KIc for initial crack

extension as a function of loading rate. The data on the right are

values of KIc estimated for running cracks in wide plates. Between the

two sets of data the curve is believed to be continuous as indicated by

the dashed portion of the curve. Several rate effect criteria are

provided (Figures 12-14%); loading rate K, strain rate ¢, and crack velocity.
Referring to the left side of the diagram, KIc is seen to decrease

as the rate is increased, eventually reaching a minimum at a crack velocity

of about 10 ft/sec. After passing through a minimum, the KI is seen to

increase very rapidly with increased rates. This rapid increase in KI

is associated with adiabatic heating(3 ) of the material in the vicinity

of the crack tip. Because the heat being generated by plastic work at

the advancing tip of the crack cannot be dissipated at a fast enough rate,

a local rise in temperature occurs, thereby resulting in an increase of

K. to a value corresponding to the higher temperature.

e In applying KIc data to applications where loading or strain
rates are of concern, but the actual rates are ill defined, it appears
advisavle to use the minimum in the KIc vs strain rate curve. It should
also be recognized that the minimum operating temperature should also be
considered in conjunction with the minimum in the KIc rate curve.

The temperature dependence of KIc (at a constant strain rate)
for the low strength materials is an area which is currently being inves-
tigated.(32-3h) Some of the available data are shown in Figures 15-17.
Of significance is the fact thaet all of these materials, ranging from
about 30-110 ksi yield strength, exhibit a significant (2 to 3 times)
increase in K with increased temperature.

One of the controversial questions yet to be resolved is whether

or not K. undergoes an abrupt transition from low to high values over a

very narigw temperature range, e.g., similar to energy absorption behavior
in a Charpy impact test. The data in Figure 15 for annealed A302B steel
do not indicate an abrupt rise in KIc' However, the validity of the KIc
values above about OOF are questionable (too high) in view of very recent
changes suggested by ASTM E2k4 Committee(Bs); hence the dashed line. On

the other hand, the data for the Ni MoV steel (Figure 16) suggest a rather
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(34)

c measurements at all temperatures. However, as was

abrupt rise in K_ between 100 to 200°F. The authors report these

Ic
data to be valid KI
the case for the A30ZB steel, the validity is questionable for the data
at the higher temperatures when considered in terms of the recent sugges-
tions.(35) The 1020 type steel (Figure 17) also suggests a rather sbrupt

increase in K but these data also are of questionable validity.

Ic’
The problem of obtaining valid data in these steels at high

temperatures, where the K_  value exceeds the yield strength, is primarily

Ic
an experimental one. In order to maintain plane strain conditions very

large test specimens are required. As yet data from very large specimens
are very meager, however, there is considerable work in progress, and the

question of the true K. temperature dependence of low strength materials

should be resolved in Ege near future. Until a resolution is forthcoming,

it appears advisable to take a conservative approach where very heavy sections
are iavolved and assume that the low temperature KIc data cah be extrapolated
to high temperatures along a smooth, rather than an abruptly increasing,
curve.

The data currently available on strain rate and temperature
effects, although not fully adequate in some respects, indicate that in
general the lower strength materials can be expected to exhibit a much
more pronounced sensitivity than the high strength materials. However,
when evaluating a specific material for a specific application, it would
be good practice to take both strain rate and temperature effects into

consideration, regardless of the strength level.

6.2.3.2 Metallurgical Variables

The fracture toughness parameter, KIc’ is sensitive to variations

in metallurgical factors just as many of the other strength or toughness pro-
perties are. Among the more significant factors are: melting practice,
fabrication, chemistry, impurities, microstructure, heat treatment, service
environment. The embrittling factor which reduces toughness as measured

by other criteria, i.e., Charpy impact, energy or transition temperature,
notched tension, tensile ductility, etc., also reduce KIc' Considerabie
data are available in the literature citing the effects of metallurgical

variables on iracture, a few examples of which are given in references(32,36-hh),
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In recent years it has become apparent, that for meny materials,
the melting practice can have & considerable effect on toughness. For
example, upgrading from conventional air melting to double slag electric
furnace air melting, to vacuum degassihg, and to consumable electrode vacuum
arc remelting, tends to improve toughness for a given material in & given
metallurgical condition. The improvements are attributed to increased
cleanliness'(decrease in nonmetallic inclusions) and reductions in impuri-
ties such as hydrogen, oxygen, nitrogen, sulfur, and phosphorous.

Similarly, the factors associated with fabrication, i.e., ingot
breakdown, rolling, forging, hot and cold work, welding, etc., can also
result in variations in the fracture toughness. For example, a plate or
forging which has undergone a large smount of work (hot or cold) in one
direction relative to another can be expected to have a significantly lower
toughness in the transverse direction -- that is when the notch or plane
of fracture propagation coincides with the primary working direction.
Fabrication by welding is another example where there can be significant
effects on fracture toughness. While the base metal may exhibit adequate
toughness, the heat-affected-zone and/or the weld metal could have much
lower values of KIc' Although this is the general trend, it is also
possible in some instances that the weld metal and heat-affected-zone
toughness may be superior to the base metal.

Heat treatment and the resulting microstructure also have
significant effects on fracture toughness. An example is provided in
Figure 18 for SAE 4340 plate tempered to various yield strengths.(39)
Figure 19 also illustrates the effects of heat treatment and microstructures
on K (32) The quenched and tempered and the annealed heat A material

Ic
vere taken from the same original large 7 thick plate of A302B steel.

The quenched and tempered B was a large plate from another heat of steel
produced to the same specification. As seen, the annealed Heat A has a
much more coarse microstructure and poorer fracture toughness than Heat

A quenched and tempered. The quenched and tempered microstructure of
Heats A and B were nearly identical and so are their toughness. The yield
strength of all three lots was essentially the same. Thus it is apparent

that large differences in heat treatment and microstructure in a given
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CURVE 522703
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Sec. 6.2 Fig. 18 ~The effect of tempering temperature on the yield strength
and toughness of SAE 4340 steel plate, Ref.

material, at a given strength, can result in large differences in tough-
ness -- much more than observed in two different heats that had the same
heat treatment and similar microstructures.

The service or testing environment can also have pronounced
effects on fracture toughness. When tested or used in a hostile environ-
ment, many materials exhibit considerably lower apparent values of fracture
toughness. Most of these effects are related to the influence of stress

(45-47)

environment such as irradiation

corrosion on the rate of crack propagation, but other types of

(L8
Ic®

Therefore, environmental effects must be considered, and efforts- should

can have a direct effect on K

be considered, and efforts should be made to expose test specimens to the
same environment that the component experiences in service.

A dramatic illustration of the effects of metallurgical variables
is provided in Figure 20. This graph contains all of the valid data for
the room temperature KIc of 1& Ni maraging steels which were accumulated
during the literature search task of Phase II of this project. In this
figure, no consideration is given to the metallurgical factors such as

composition, heat treatment, specimen orientation, processing, etc., hence
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Curve 577637-A
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Sec. 6.2 Fig. 19 —Temperature dependence of KIc fracture toughness for various lots of A302B steel. R&D-fatigue
cracked, WOL specimen. Ref. 32
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the vast amount of scatter in data. When a specific set of data represent-
ing the variation in only one metallurgical factor is extracted from these
data, a much more consistent behavior is observed as seen in Figure 21.

The foregoing example clearly illustrates that the 18% Ni maraging steel,
or any other material, cannot be expected to have a single unigue value

of KIc independent of metallurgical variables. Obviously then, in order

to insure satisfactory measurement of fracture toughness, the test material
should be as nearly identical as possible to that in the component of
interest. Also, the notch orientation in the specimen should coincide with

the direction of the defect known or anticipated in the component.

6.2.4 SUMMARY OF TESTS FOR PLANE STRAIN FRACTURE TOUGHNESS

Several types of test specimens have been successfully employed
to measure KIc or GIc' The details of specimen design, preparation, te?E§_53)
ing, and analysis of test records have been reported in the literature.
Therefore, the discussion in this report will be confined to a summary of
the state-of-the-art. As yet, there is no recognized standard for fracture
toughness testing. However, the ASTM Committee E24 on Fracture Testing of
Metals is striving hard to prepare a TRP (Tentative Recommended Practice)
for plane strain fracture toughness testing of high-strength metals.(sh)

At the present it appears that a formal TRP may be a year or more away.

6.2.4.1 Types of Specimens

The basic types of specimens that have been described in the
published literature,(u9_53) their relative dimensions and the expressions
used to calculate toughness irom test results are proVided in Figures 22-30.
It must be appreciated that the overall size of each of these types of
specimens is dependent upon the level of toughness of the material being
tested. In order to maintain a plane strain state of stress at the notch
front, and thereby assure a valid measurement of KIc’ the specimen size
must increase with increased toughness. Table I provides a comparison of
(k9,51) for three levels of toughness (KIC = 0.5, 1.0

%s

the dimensions required

and 1.6) for several different specimerns.
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Curve 577785-8
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While the foregoing information is representative of the most

(49-53) it should be recognized that specimen

recent published information,
design and dimensions may not be optimum. Because of the rapid advance-
ment of the technology of fracture mechanics, changes may become necessary.
(54) are that neither the crack length "a"

or the thickness "B", should be less than 2.5 (KIC)2 for any test specimen
J .U——

For example, recent suggestions

to be capable of valid K. measurements. Therefore it is possible that

Ic
future recommendations will necessitate larger test specimens than those
shown in Table I. It is also possible that the relative dimensions of

some of the specimen types shown in Figures 22-30 may be modified. Table II
(54) ..

shows some of the new dimensions which have been suggested for some of
the basic types of specimens. For those who are interested in planning

or conducting fracture toughness test programs, it is highly recommended
that thorough consideration be given to the changes in dimension which

(54)

are currently being suggested.

6.2.4.2 Calibrations of Specimens

A relation between the stress intensity factor K, the applied
load P, and the specimen dimensions is conventionally referred to as a K
calibration. Precise calibrations which permit a ready calculation of
K., from test results over a wide range of crack lengths (&/W ratio) are

Ic
now available for a number of specimens. The most current and accurate

(54,59,65)

calibration curves for several specimen types are given in
Figures 31-36. The simplicity of calculating KIc from the expressions
given in the calibration curves versus those given earlier in Figures 22-30

is readily apparent.

6.2.4.3 Fatigue Cracking of Test Specimens

All of the test specimens require that the noteh be extended

testing. Methods of fatigue cracking
(49-51,5k)

by fatigue cracking prior to KIc

are described in the literature. Precaution must be taken during

fatigue cracking to keep the stresses sufficiently low so as to avoid

influencing the K. value by virtue of excessive plastic deformation at

Ic
the crack tip. As & rule of thumb, the nominal net section stresses
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Dwg. 7474758

Sec. 6.2 Table i —Comparison of Various Fracture Toughness Specimens

Symmetrid
cally Single Edge Notch Surface { Notch WoL
Cracked Hension | 3ptBend | dpBend | Crack |Round
ate
K, /0,.* 0.5
ICYs (1%
W = width or dia (in.) 1.5 1 1 0.875 L5 1.5 1.4
B = thickness (in.} 0.16 0.16 0.16 0.16 0.2 - 1.00
L = length (in.) 5 4 9 8 | 6 5 1.00
Volume (in, 3) 1 .64 1.44 112 2.5 6.15 1.4
P/°YS load/yield strength 0.11 0.05 0.009 0.01 0.33 0.7 0.072
K Jo 0= 1.00
ICYs (m
w 5.0 4.0 4.0 35 6.0 5.0 6.2
B 0,65 0.65 0.65 0.6 1.0 - 2.0
L 2 16 3 k74 24 2 5.0
Votume 65 41.6 94 73 14 02 6.5 -
P/°YS 1.8 0.8 0.14 0.16 5.4 11.2 0.64
K,l0 1.6
ICT7YS ‘ (mn
W 25 |1 1o 875 | 15 25 |
] 1.6 1.6 | 1.6 1.6 2.5 - 4
L 50 40 } 90 80 60 50 10
Volume 1000 640 140 1120 2250 6150 416
Plo L7 | 5.2 | 0.91 100 { 3 B 274
Ys
* Maximum measurement capacity for plane strain conditions
Dimensions for all specimens except WOL are from Ref, 1,3
Dwg. 748A413

SEC. 6.2

TABLE 11~RECOMMENDED MINIMUM SPECIMEN DIMENSIONS AND RATIOS OF REQUIRED LOAD
TO YIELD STRENGTH FOR (Ky./ oys)” =

Load
Yield Strength
(square inch)
4.7
1.5

1.9
L6

0.33

0.50

£0.37)

Crack Width Or Specimen
Thickness Length Diameter Length
Specimen Type {inch) {inch) {inch) {inch)
Crack-Notched Round Bar hane 2.5 10 4
(D/2-4/2) (D)
Center-Crack Plate 25 5.0 10 )]
(2a)
Double-Edge~Crack Plate 25 5 10 40
Single-Edge-Crack Plate, 2.5 2.5 5 20
Tension
Single~Edge-Crack Plate, 2.5 2.5 5 41
4-Point Bend
(8:1:: Span: Depth)
(2:1:: Minor Span: Depth)
Single-Edge Crack Plate, 2.5 2.5 5 21
3-Point Bend
(4:1:: Span:Depth)
Crackline Loaded Plate (WOL) 2.5 (25) (5) (5)
(For other values of (KICI °YS)Z , the dimensions should be in proportion to this factor, and the

loads in proportion to its square. )

Data Taken From Reference 6
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Dwg. 748A428
Sec. 6.2 Fig. 22 —Symmetrical center-cracked plate

|\W/3 W/3 AW/3 e 4 W/3—-1

@ - %) ZZa =W/3 _@ le 1

(See Below) —— -~ -7
~ Ve
— st~
_/4
5< W/BL 10
1/2 22
_Pa’‘t 2a a3
KI—B W [1.77+0.227 (W 0510( ) +27( J

2a _
for range WS 0 to 07

-Surfaces must be symmetrnc to specimen center line W|thtn W/lOOO

[_SEJC|men loading hole ¢

din. £1/32 --.
1/4in. =1/ 90+ 2° ,—0.005-in. rad. max.

diam.

Fatique _f 116 max —L
Crack | L_o B min—t- nm

e 2a
0

X =Y within 0.010in.

Fatigue crack starter for center-cracked plate specimens (W> 2in.)
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Dwg. 748AL429
Sec. 6.2 Fig. 22 —Symmetrical edge-cracked plate

pd
@ K s OL B
(See Below) -< - _ > l
- A .
P 4B
, 5<W/B<L10
1/2 , :
_ P (ma) W Ta 2ma 1/2
Ki = BW [na (tan W+Olsm W )] |

= -Surfaces must be symmetric to specimen center line within W/1000

—0.005-in. rad. max

| ,/ —Fatigue crack
1/16 max <

T Lorlon |

min  min

.__ao__.|

Fatigue crack starter for edge-notched plate specimens
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Dwg. ;7’+8A’+30
Sec. 6.2 Fig. 24 —Single-edge-notched plate (tension)

.W/gTW/3T_4W/3————u 4W/3 ‘——-v‘ | T |

See Below) *
w/2 ( See Below T{ a=wiz l
: _p/’/’/ ' /’ B

*

4<WB<S8
2 4]
- X a, " _ a,3 4
[1.99 0.4124 (W) +18.70 (W) 38.48 (W) +53.85 ()

a _
for range WS 0to 0.6

= =Surfaces must be true to specimen center line within W/1000

—O 005-in. rad. max

atigue crack

‘f_—

P

m|n

L'

jt———  d

0

e ettt o P e gl iy,

Fatigue crack starter for edge-notched plate specimens

117




Dwg. 748A431
Sec. 6.2 Fig. 25 ~Notch bend specimen (three-point loaded)

P

i

- i (See Below)-~ ~-a=W/5 | »W
\n RN |}
Q- | Q- b
L =4W B
2<W/B< 8
2 ., -
_6M oa’t [ a 3,2 000 3,3 a4
K; = 3 7 ,:1.96 2.75 b) +13.66 () — B.98 ()" +25.22 65)
for ‘%: 0to 0.6
e

,—0.005-in. rad. max

| ,/ r—Fatigue crack

Fatigue c}ra’ck starter for edge-notched plate specimens
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Dwg. 748A432
Sec. 6.2 Fig. 26 —Notch bend specimen (four-point loaded)

P/g— 2W ‘—?;/2

L=3W— !
) (See Be|ow)—\\ //—ao=W/5 | W
WT | ’
| AL
aw . aw
2<W/B<8
K =M i [199—247 212,97 (- 8.7 () + 28,80 (—3—)4]
178 2 U AT Gt + 1297 Gy AT Gy +24.80 Gy
. )
forW—0t00.6
whereM=-P2—L

,—0.005-in, rad. max
/
/

/
| / /—Fatigue crack
116 m%

l 0.1 0.1
 min " min
- 8, ——

e e et P it

Fatigue crack starter for edge-notched plate specimens
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Sec. 6.2 Fig. 27 —Surface-cracked plate Dug. 74BANT7

fe—— W —— W
w

r.§1
‘; o W/B> 6
T a, < Bf2
§12c0
 — 2c < W/3
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SRR 2 e
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Winlst
| A\ P Oy

2.6

SRREER

2.4

2.2

2.0

1.8
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y // |
e
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, . Dwg. 748AL18
Sec. 6.2 Fig. 28 '—Circumferentially notched and fatigue-cracked round bar

30960°

,P )
= — . =) -1.2
|<I 3/2[172((1) 17]
D
for d/D of 0.5t0 0.8

A-surfaces must be concentric to within D/1000
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. . Dwg. 748AL
Sec. 6.2 Fig. 29 —Symmetrical center notched disc ( rotor or spin) o TR

B 2 2a
'263 range 6f 0.1 to 0.3

KI =./7Ta‘00

Where o, = nominal fracture stress-tangential stress at the center of a
solid rotor, corresponding to a fracture speed of test rotor,
(similar to use of gross section stress for plates)
Where v= Poissons Ratio
o = (3__4-_\)) prZ p = Mass Density (Ib sec’fin?)
0 8 0 Ry = Outer Radius (D/2) inches
1 = Angular Velocity (rad/sec)

Notch Details l' R T—T—Min. Fatigue Crack R/8
L) .

45°

R/4 Max.
Thickness of Slot

~20

.005" R Max.
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dwg. 748AL16
~ Sec. 6.2 Fig. 30—Wedge-opening-loading (WOL type center-line loading)

| e ‘
le w::fuz.oeu

- —~— )\/\/\/i ‘ )
0 > | TD-.S

it ~For a/W from 0. 25 to 0. 65

-Tp -

h | L

I J Ll

Ip
L‘————v= L.25W ——>=

Pallz. | . a‘ a2 a3 ‘a'4
_— [39. 10— 292 &+ 18 (D) - 182 3+ 1159 (D) }

Notch Details

Y 4T oo max. R
O

|
\i/ LR Fatigue Crack Extension, Min = 0
|-*ao B3
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Curve 577668-A

2.4 ,
o o NN
2.3 — W I
P = Load
’Sa_L B = Thickness
2.2
2.1 : P3 1/2
KI = -—B-W— .Y (ZB/W)
2.0 {
Forman & Kobayaski, Ref. 60
Isida & Mendelson Ref.54 ™~
1.9 ) T/
1.8 /
1.7
1.6
0 0.1 0.2 0.3 0.4 0.5 0.6
2 |
W

Sec. 6.2 Fig. 31  —K calibration for the center-cracked plate specimen
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Curve 577666-A
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g S |
7 :
= W P = Load
6 B = Thickness
5
Y
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) l
0 0.1 0.2 0.3 0.4 0.5 0.6
a
W
Sec. 6.2 Fig. 32—y calibration for single-edge crack tension specimen. Ref. 61
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Curve 577667~A

3.4
3.2 P
‘ W
3.0 , -
s P
;] :
2.8 112
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) BW J
-6 Where M Is The Bending Moment
B = Thickness
2.4
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2.0
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N\
N 3 Point,\i -
\ v

N e 2 S
3-Point, == 4
"W

1.8
1
0 0.1 0.2 0.3 0.4 0.5 0.6
2 .
W

Sec. 6.2 Fig. 33 —K calibrations for bend specimens. Ref. 62, 63
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Cufve 577669-A

a4
D

0.8 0. 0.6 0.5
5.0 Oi9 ‘018 ol?m |
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Y=172g-12
2.5 F— d

2.0

1.5

1.0

eckner, Ref.64

0.5

1.0 1.2 L4 1.6 1.8 2.0 2.2 2.4
d

Sec. 6.2 Fig. 34 —K calibration for circumferentially crack-notched
round bar -
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Curve 577665-A
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Sec. 6.2 Fig. 35 -K calibrations for compact crackline loaded specimens
Ref. 54
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C3, numerical constant ("T'* WOL)
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Curve 577698-A

P= Load
a = Crack Length
B= Thickness

I

I

4 .
ao/ W Ratio

5

Sec. 6.2 Fig. 36—Numerical constant "C5" as a function of the aO/W ratio for the ""T"' type

WOL toughness specimen Ref. 65
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during fatiguting should not exceed 1/2 the yield strergth of the material.
In no case should the load for fatiguing exceed that anticipated for

fracture in the K. test.

Ic

6.2.4.4 Instrumentation for K, Testing

Proper instrumentation of the test specimen is essential for

Kic testing.(h9'51’5h) The determination of KIc or GIc requires a knowledge

of the crack length corresponding to the load at the time of fracture in-
stability. There are two possibilities for the onset of fracture instability
during the K. test. It can occur immediately from the initial crack front,

Ic
or some amount of slow crack extension may occur prior to instability.

The instrumentation must be capable of distinguishing which behavior occurs,
and if instability is preceded by some slow crack growth, the lehgth of
the crack at instability must be definable by the instrumentation. The
slow crack growth preceding instability may either be a slow continuous
extension from the original fatigue crack front, or it may occur in the
form of intermittent, discontinuous crack movement.

Several instrumentation techniques have been employed to measure
crack extension. An autographic load-deflection record is commonly used
with all the various type specimens. Ideally, the load~deflection curve
should remain linear until instability occurs. Observations of deviation
from linearity prior'tp fracture could arise from two sources: extensive
Plastic deformation at the crack tip or elsewhere in the specimen, or slow
crack extension. It is also possible that both could occur simultaneously.
Excessive plastic deformatioﬁ at the crack tip cannot be tolerated in a
plane strain fracture toughness test.* If observed, deviation due to
plastic flow is a good indication that the specimen size that is being
employed is too small for the toughness of the material. On the other
hand, if the deviation can be definitely associated with slow crack

* If the amount of plastic deformation (plastic zone size) at the tip of
the crack is small compared to the total crack %e th and specimen
thickness, it is possible to apply a correction 5?? (see Section 6.2.2.8)
which will permit the calculation of the value for Kj,.. The limitations
regarding the allowable plastic zone size have been discussed in the
literature. (#9-51,54,55
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extension prior to fracture, it is possible to obtain a valid test result
if the crack length and load at the onset of instability can be determined.
The load and, more particularly, the crack length at instability can be
determined from the autographic load-deflection curve provided a suitable
compliance calibration is available for the specimen. The amount of crack
extension between the original length and that at the time of fracture is
related to the change in compliance of the specimen as signified by the
change in slope of the load deflection curve. Several types of compliance
gages have been used for this purpose.

Other instrumentation, in addition to load-deflection recordings,
are often employed to measure slow crack extension which may occur during
KIc tests. One of these is the electrical potential method.(h9’51) When
a specimen carrying a current contains a crack (discontinuity) there will
be a disturbance of the potential field in the region of the crack. The
potential difference between two fixed points spanning the cfack will
increase as the crack extends (total current must remsin constant). The
potential change is generally recorded against load on an X-Y recorder.

For any specific geometry, a calibration curve relating crack length to
potential change is required.

Other techniques that have been employed to detect or measure
crack extension are acoustic, photography, and ultrasonics, and discussions
of these techniques may be found in the literature.(h9'51’5h’56’57) Each
of the techniques has its own advantages and limitations. The use of any
one technigque depends in large part upon the material, its form and the
type of test specimen being used. When employed in conjunction with the
WOL specimen the ultrasonic technique has been very useful (see sections

7.2, 7.3 and Appendix II).

6.2.4.5 Summary and Comparison of Specimens

Several factors must be considered when selecting a particular
type of specimen for a fracture toughness test program. Foremost among
these are: the expected toughness of the material to be tested, the size
and shape of the available test material, the loading capacity of the
available test facilities, the economical usage of test material, and the

accuracy desired in the toughness measurements.

131




As previously discussed, materials with high toughness (E%§'> 1)
require the use of large, thick specimens as can be seen from Tables I
and II. In this case vwhere material availability and test capacity become
limiting factors, the crack-line-loaded, WOL, or notched.bend specimens
are most attractive. Quite often. the type of specimen will be dictated .
by the form of the material. Tests of high strength thin sheet are
obviously limited to specimens like the single.edge notched plate ore
the symetrical center or edge cracked plates. On the other hand, bar
stock or cylindrical forgings necessitate the use of notched round, WOL,
or notched bend tests. The texture of the material and the orientation
of probable defects relative to the principal stress in the component of
interest also limit the type of specimen which can be employed. In
addition to being limited in the amount of available material, the cost
of the material, e.g., titanium alloys at $6 to $8 a pound, could be an
importent consideration. The accuracy of the expressibns used with the
various specimens has been discussed in detail(h9’sl’58) and, in general
is quite satisfactory. The error introduced from the expression is con-
siderably less than the normal scatter inherent in the material and the
possible errors arising from test procedures. If the recommended(h9’51’5h)
procedures are employed during specimen preparation, testing, and inter-
pretation of the test results, the accuracy of the KIc measurements should

be quite adequate for engineering purposes.

6.2.4.6 Summary
Even though the subject of fracture toughness testing has not

been finalized and standards specified, meaningful data can be obtained
by proper use of the existing testing technology. It is recommended that
a thorough study of the existing information and experience bhe conducted

before embarking on any large scale test programs.

6.2.5 GENERAL EXPERIENCE IN APPLYING FRACTURE MECHANICS

In recent years considerable progress has been made in applying
fracturé mechanics principles, concepts, expressions, and test data to
solutions of practical problems. Although most of the early experience
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with fracture mechanics dealt with materials and applications of interest
to the aerospace industry, the applicability of the approach to other
areas has been recognized and some experience acquired. The concept is
not limited to the high-strength metals of low or intermediate toughness,

but may be applied to any material for which a valid K o fracture tough-

I
ness parameter can be determined.

A number ol examples of the application of fracture mechanics

(66-79)

bining fracture mechanics technology and slow crack growth (fatigue)

to engineering problems are available in the literature. By com-
characteristics, answers to the following type questions have been found.
What type and size of defect can be tolerated under the design load:
Conversely, what stress levels can be tolerated in the presence of some
known defects? What is the maximum size flaw that can be initially accepted
with the assurance that it will not grow to a critical size during the
desired operating life of the component? How do metallurgical variables
affect the maximum allowable initial flaw size, the flaw growth character-
istics, and the critical flaw size for catastrophic failure? What are the
capabilities of the available, practical, non-destructive inspection
techniques relative to these subcritical and critical flaw sizes? If an
unexpected failure should occur during prooftesting or operation of a
structure, what will be the nature of the failure -- a localized rupture
and spitting or a catastrophic bursting with fragmentation? What

fracture toughness and crack growth characteristics are required of the
material employed in specific components, and how are these requirements
spelled-out in material specificaticns in terms of practical testing and
inspection techniques? Some specific examples of how these questions

can be answered are provided in Section 8 of this report.

6.2.6 LIMITATIONS OF FRACTURE MECHANICS

Although linear elastic fracture mechanics is very useful in
material selection and other design considerations, it does have a bounded
area ol use. At present the bounds of the areas of application have not
been distinetly determined, but in applying the theory one should be aware
of its general limitations. Most of these limitations have been discussed

previously and will now be reviewed and summarized.
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The stress intensity factor which is used as a single parameter
fracture criterion for sharp cracks is determined (experimentally or ana-
lytically) under elastic conditions. Bui, of course, the extremely high
stress concentration at the crack tip will cause plastic flow around it.
Therefore, if the stress intensity factor K is to parametrically represent
the plastic flow and eventually fracture conditions at the crack tip, the
size of the plastic zone at fracture must be véry small compared to the
area over which K adequately describes the elastic stresses. In other
words, the size of the plastic zone at the crack tip must be small com-
pared to the other dimensions of the body containing the crack. At present
a specific statement as to Just how small the plastic zone must be cannot
be made, but some reasonable guidelines can be obtained by using the
experimentally determined restrictions imposed on the various plane strain
fracture mechanics test specimens which were described in Section 6.2.4,2.
These restrictions are usually in terms of keeping the:nominal stress in
the plane of the crack at fracture equal to or less than some percent of
the uniaxial yield stress; Such restrictions require that the dimensions
of geometrically similar structures containing flaws, which are proportional
to some other dimension of the structure, be proportional to (Kc/oYS)E.
This means that both the size of structures and the size of the cracks in
materials having high Kc and low Oy must be very large before linear elastic
fracture mechanics can be applied. For this reason, the application of
fracture mechanics to high-toughness low-yield-stress materials is very
limited. The use of the plastic zone correction factor extends the use of
the linear elastic stress intensity factor a little further.

As was shown previously (Section 6.1.3.3), the apparent critical
stress intensity factor of a material is a function of the crack tip root
radius. To eliminate this additional variable in material selection and
design considerations, all valid critical stress intensities are now
obtained from specimens whose machined notches are extended by fatigue
crack growth prior to testing, thus giving a iero crack tip root radius.
Therefore, the application of such data to blunt crack tips of finite root
radius may lead to conservative results. But in many cases a crack large

enough to cause catastrophic failure has grown to its critical size by the
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fatigue process, and thus the application of data obtained from fatigue-
cracked test specimens is directly applicable.

The particular value of critical stress intensity used in each
application should correspond to the state of stress at the tip of the
crack under consideration. For plate this means that the Kc used in each
application should be the value corresponding to the plate thickness being
considered. At present most valid critical stress intensity data reported are
for plane strain conditions (KIC). The use of K  values in design con-
siderations for thicknesses less than those actually required for plane
strain fracture will normally result in a conservative design, the exception
being when the thicknesses become very small. But for material selections
the comparison of the K. ‘s of materials for uses at thicknesses for which

Tec
K. isn't applicable could easily lead to an improper choice.

e As discussed in Section 6.2.2.12, fracture mechanics principles
can also be used in the analysis of slow crack growth caused by cyclic
loading or sustained loading. Here again the use of the linear elastic
fracture mechanics theory must be restricted to cases in which the size
of the plastic zone is small compared to the other dimensions of the
structure. Although distinct limits of the areas of applicability cannot
be given at present, the following geheral statements can be made. The
limits of applicability for sustained slow crack growth should be approxi-
mately the same as those considered at the beginning of this section for
the case of fracture due to monotonically increasing loading in which no
slow crack growth occurs prior to catastrophic failure. The area of
applicability for cyclic loading slow crack growth should be even larger
than that for sustained load slow crack growth because of the smaller
crack tip plastic zones for corresponding external loads. These smaller
plastic zones are a result of the strain hardening of the material at the
crack tip caused by strain cycling. Of course thé strain hardening may
also have an effect on the K. of the material and if so this influence

Ic
must be taken into account.
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Section 7

PHASE II - DATA COLLECTION

Tel LITERATURE SURVEY

Telel INTRODUCTION
During the last five years, an extensive amount of fracture

toughness data have been developed and published for a variety of struc-
tural materials. However, due to recent advances in the state of the

art of fracture toughness testing, much of the published data are presently
considered invalid. Therefore, a literature survey was conducted in order
to establish the availability of valid plane strain fracture toughness
data and to provide a basis for the selection of material for subsequent
investigation. The survey was limited to the review of published data
containing notch toughness properties expressed in terms of fracture
mechanics parameters. The available data were re-evaluated in accordance
with the latest ASTM recommended criteria for valid plane strain tough-
ness testing, and those established as valid are tabulated in handbook

form.

T+l.2 EVALUATION CRITERIA

Several test specimens are available for the determination of
the plane strain fracture toughness parameter, KIc' Those encountered
as the result of the literature survey were: notched rounds, single-edge-
notched plates, surface-cracked plates, notched bend bars (3- and L-point
loading), center-notched plates, and center-line-loaded specimens. Al-
though the available toughness specimens vary considerably in appearance
they are each subject to the same general test requirements. The criteria
used to establish the validity of the reported Kic data were based upon
the latest requirements recommended by the ASTM Special Committee on
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Fracture Testing.(l’a) The general criteria common to each test specimen
require; the extension of machined notches to fatigue crack severity by

low-stress, <0.5 = 0.2% yield strength), fatigue cycling;

o%.s. (%.s.
limiting the net section stress (aN) at the onset of fast fracture to

0.8 9.5 except for notched rounds, slow bend, and center-line-loaded

specimens, in which case cN.< 1.1 Y.S.; and satisfactory instrumentation

to evaluate crack behavior (yielding or slow growth) prior to rapid fail-
ure. The recommended minimum specimen size and relative dimension pro-
portions necessary to satisfy the general toughness testing criteria for
(2,3)

the various specimen geometries are summarized below.

1. Notched round bar where d = diameter at root of notch

D = outside diameter of bar
e |°
D> k.l < d = 0.707 D Length = 10 D
= g
Y.S.
2. Single-edge-notch plate where a, = crack length W = width
B = thickness L = length
Ki 2
B> < L<WB<S8 ‘a_ = W/3 L=L4w
= 0 (o)
Y.Sl
3. Notch bend (three-point loading)
; 2 '
| Kic — -
B> 2.1 2<W/mB<8 span = 8 W a_ = W/5
= o o
\ Y.S.
4, Notch bend (four-point loading)
B 2.l |- < 2<WB<S8 span =8 Weand 2W & = W/5
- Y.S. ’
5. Center-Cracked plate specimen
; KI V2
B > 0.75 < 5 < W/B < 10 L=bw a_ =W/
= %.s. °
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6. Symmetrical edge-cracked plate

2
B > 0.65 “Ie L<wB<8 L=2U4W a_ = W6
= o. o}
Y.S.
7. Surface-cracked plate
K, 2
B> 0.85 |- < W/B > 6 crack length 2 C_ < W/3
1.5, L=2 crack depth & < B/2

8. Wedge-opening-loading specimen (X-type geometry)

B=b ‘I W/B = 1.125 B=1L1L ao/W = 0.25 to 0.80
W = width from centerline of loading

9. Wedge-opening-loading specimen (T-type geometry)

2
UKIC W/B = 2.5 L=2.5B a/W=0.25t00.80
.8, W = width from centerline of loading

B=2

The most stringent requirement for proof of faillure under plane
strain conditions involves the evaluation of crack behavior prior to final
failure. Yielding at the crack tip (beyond the established plastic zone)
prior to failure indicates non-plane-strain conditions; therefore, satis-
factory instrumentation for monitoring crack behavior during testing is
required. Those data presented in the literature which indicated specimen
failure prior to deviation of the load displacement curve (pop-in) were
considered valid and no additjonal instrumentation aside from the displace-
ment gauge was necessary. However, those data which indicated deviation
of the load displacement curve prior to failure were considered invalid
unless some technique was used to attribute the reason for deviation to

slow crack growth rather than plastic yielding.

T.1.3 COMPILATION OF DATA
Approximately 100 references were reviewed during the literature
survey, and 29 were found to contain wvalid plane strain fracture toughness
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data. Table I lists the materials for which some valid Kic data exist

and also provides an indication of the amount of data available.

MATERTAIS FOR WHICH VALID Kic DATA ARE PRESENTED IN APPENDIX I

Material

Ferrous Alloys

18% Ni Maraging Steel
4340

Dbac

H-11

HP-9-k

12Ni-5Cr-3Mo

AM 355

4335+V

20% Ni Maraging Steel
300 M

PH-13Cr-8Ni

A302B

Ni-Mo-V Forging Steel
Titanium Alloys
Ti-6A1-6V-65n
Ti-6AL-4V

Beta Titanium
Aluminum Alloys
7075-T6 & T651
T079-16

T001-T75

Section 7.1 Table I

A

Strength
Level
0.2% Yield Volume Location
Strength Temperature of in
(ksi) Range, COF Data* Appendix I
180 - 350 -110 to 650 () Table I-A
130 - 300 -110 to 750 (a) Table I-B
200 - 260 -200 to 75 (B) Table I-C
160 - 2o -100 to 300 (B) Table I-D
140 - 250  -200 to LOO (D)  Table I-E
180 - 190 R.T. (D) Teble I-F
160 - 200 -110 to 650 (D) Table I-G
210 -100 to 0 (D) Table I-H
300 R.T. (D) Table I-I
230 R.T. (D) Table I-J
180 - 220 -110 to k00 (D) Table I-K
50 - 130 -320 to O (D) Table I-L
80 - 140 -320 to 25 (D) Table I-M
140 - 190 -320 to k0O (B) Table II-A
140 - 170 -320 to 300 (¢) Teble II-B
170 -100 to 300 (D) Table II-C
70 R.T. (4) Table III-A
70 - 75 to 150 (B) Table III-B
7 R.T. (D) Teble III-C

* (A) Extensive data available; (B) Moderate amount of data available;

(C) Little data available; (D) Data very sparse.
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compilation of the wvalid Kic data as well as the associated material

and test parameters is presented in Appendix I. The materials have been
classified into three categories-~ferrous, aluminum, and titanium alloys--
and are presented in order of increasing section size. The data have
been arranged in such a manner as to provide the most efficient tabular
form for both design and fracture mechanics reference information.

The references reviewed during the literature survey are pre-
sented in the bibliography associated with Appendix I. Those references
containing valid KIc data are presented in that portion of the bibliography
noted as "References Cited." References which do not contain valid data
and also those which do not present sufficient information to permit

evaluation are tabulated in reverse chronological order as "References

Not Cited."

7.1.k DISCUSSION
As indicated by the results of the literature survey, a limited

amount of published data is available which conforms to the latest require-~
ments for valid plane strain fracture toughness testing. In addition,
those data presently considered valid may be modified as the fracture
mechanics concepts associated with toughness testing change with advancing
technology. Fracture toughness testing is a relatively recent development
vhich requires the testing of rather large, expensive specimens; as a
result, the amount of experimental data available to confirm existing con-
cepts is limited and as more data become available for examination the
recommended testing procedures may become modified. Even at the time of
this writing an ASTM comittee (Subcommittee I of ASTM Committee E-24) is
reviewing the recommended procedures for plane strain toughness testing
in order to establish the best approach.(u)

The published toughness data encountered during the literature
survey were limited to relatively high-strength structural materials.
Data are available for ferrous materials in the 0.2% yield strength range
of 50-300 ksi, titanium alloys ranging in yield strength from 130 to
190 ksi, and aluminum alloys with yield strengths of 60 to 90 ksi. The
majority of the data were determined at room temperature; however, a

148



considerable amount of data obtained at other test temperatures is

available,

Examination of the data presented in Appendix I clearly illus~
trates the possible variability of constant temperature fracture toughness
measurements for a given material. This variability is further exempli-
fied by the room temperature K  versus 0.2% yield strength plot for 18% Ni
maraging steel shown in Figure 1. Included .in Figure 1 are all of the
room temperature toughness data accumulated for 18% Ni maraging steel with
no consideration given metallurgical parameters such as form, composition,
heat treatment, and test orientation. Figures 2 and 3 illustrate the
variation in room temperature KIc with yield strength for 18% Ni maraging
steel where the only metallurgical variables are the percent cold work and
the aging treatment, respectively.(s’é) Although the plane strain stress
intensity factor, KIc’ is assumed to be a materials property which varies
inversely with yield strength, it is obvious that this assumption is appli-
cable only to materials of the same metallurgical history. The effect of
metallurgical parametlers upon yield strength and other conventional strength
criteria is much less variable than the effect of the same parameters upon
fracture toughness.(7) Yield strength measurements are affected only by
those variables which result in a change in the degree of material yield-
ing, whereas fracture toughness is basically an energy measurement at
fracture instability and is affected by all variables which affect the
micromechanisms of failure. As a result, fracture toughness measurements
must be conducted with test specimens representative of the material to
be used in component fabrication., The chemistry, heat treatment, working
history and test orientation must be nearly identical to that of the com-
ponent in order to ensure satisfactory toughness measurements.

Tabulated KIc data arranged in handbook form for design refer-
ence must provide sufficient information to adequately describe the material
tested. All variables known to affect KIc measurements must be included.

Only then can the data be utilized for the design against brittle failure.
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T.1.5 SUMMARY

A limited amount of published KIc data is available which con-
forms to the latest requirements for valid plane strain fracture toughness
testing. These data are confined to relatively high-strength structural
materials.

The reported toughness of a given material can vary considerably
with various metallurgical parameters; therefore, the material used to
establish toughness dats must be nearly identical to that used for com-

ponent fabrication.

Section 7.1 References

1. "Progress in Measuring Fracture Toughness and Using Fracture Mechanics,"
Fifth Report of the ASTM Special Committee on Fracture Testing of High-
Strength Materisls, Materials Research and Standards, March 196k,

p. 113. :

2. J. E. Srawley and W. F. Brown, "Fracture Toughness Testing Methods,"
Fracture Toughness Testing, STP 381 (1965).

3. W. F. Payne, "Incorporation of Fracture Information in Specifications,”
ASTM Meeting, Chicago, June 23-2L4, 196L.

k. W. F. Brown, "Plane Strain Crack Toughness Testing," Tentative draft
submitted to Subcommittee I of ASTM Committee E-2k, January 1966.

5. H. W. Maynor and C. C. Busch, "K;yp:f a 300-Grade 18-Nickel Maraging
Steel as Influenced by Specimen and Thermal and Mechanical
Treatment," AD 601537, Auburn Research Foundation, May 196k.

6. W. F. Payne, "Analysis of Surface-Cracked Fracture Toughness Informa-
tion," Fourth Maraging Steel Project Review, Vol. 1, Air Force
Materials Labs Report No. ML-TDR-64-225, July 196L.

7. R. E. Johnson, "Fracture Mechanics: A Basis for Brittle Fracture

Prevention," AEC Research and Development Report WAPD-TM-505,
November 1965,

152



f.2 GENERATION OF K

T.2.
7.2.
T.2.
7.2,
Te2.

1
2
3
I
>

Ic

Material .

DATA

TABLE OF CONTENTS

Section 7.2

Specimen Preparation .

Test Procedure .

Results and Discussion

Summary.

153

Page

157
160
163
170
189




LIST OF TABLES

Section 7.2

GENERATION OF KIC DATA

Page
TABLE I Chemical Analysis of Alloys « o « ¢ o« « o « & & 157

TABLE IT Heat Treatment and Room Temperature
Tensile Properties. « « . v o ¢ o o ¢ ¢ o o o & 158

TABLE III  Measurement Capacity Associated with
the WOL Fracture Toughness Specimen . . . . « . 165

TABLE IV  Cyclic Load Used to Precrack WOL Type
Fracture Toughness Specimen . « « « o « « o« o« & 168

TABLE V  Room Temperature Tensile Properties and
Toughness . « o o o o o o o s s o o o s o o » & 172

TABLE VI-A Transverse Tensile Properties of 192
HP~9-4e25 Steel v v v o v ¢ v o o o o« o o o o

TABLE VI-B Transverse Charpy V-Notch Properties of
H’.P-9-1+"25 Steel . . L) e & &« * s o * e » e s o 195

TABLE VI-C Transverse Toughness Properties of
HP-9-h‘-25 Steel - . - . - . . . . . - . . . . . 19’4‘

TABLE VII-A Transverse Tensile Properties of
Ti~GAL-LV Titanium. . « ¢« ¢« ¢ ¢ ¢ ¢ o ¢ o o o 196

TABLE VII-B TransverseCharpy V-Notch Properties of
Ti-6AL-LV Titanium. . « « « v o ¢ o o o o o « & 197

TABLE VII-C Transverse Toughness Properties of
Ti~6AL-LV Titaniume « o « « o« &« o o o o o o o & 198

TABLE VIII-A Longitudinal Tensile Properties of
70 79"'T6 Alum:l'.num. . - L) . 3 L] . - L) . [ * . . 3 200

154




LIST OF TABLES (Cont.)

TABLE VIII-B Longitudinal Charpy V-Notch Properties

of TOT9-T6 ALUMInuUM « o o & o o o o o o o &

TABLE VIII-C Longitudinal Toughness Properties of

Figure

Figure
Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

10.

11.

7079—T6 Aluminue « o o o o o o o o o o o o

LIST OF FIGURES

"As Received" Microstructure of each alloy
system investigated. . . « « ¢« ¢ & 4o o o .

Tensile specimersused in this investigation.
Charpy V-notch impact test specimen. . . . .

Wedge-opening-loading (WOL) "X" type
fracture toughness specimens « « « o« o « o o

Wedge-opening-loading (WOL) "T" type
fracture toughness specimens . . . . . « « .

WOL fracture toughness specimen
("2X" CeometIY)e « o o o o o o o o o o o o .

WOL fracture toughness specimen
("1T" GeometIy)e v o o o o « o o & o o o o o

WOL fracture toughness specimen
("2T" GeometIY)e o « o o o o o o o o o o o o

25,000 1b. Westinghouse crank machine
for fatigue cracking fracture specimen . . .

Orientation of test specimensin "As
Received" forged plate « + ¢« ¢ & o o o o« o @

Clip gage used to establish the load-
displacement CUTVES: « o & o o o o o o o o @

Humerical constant "C3' as a function of

the ay/W ratio for the "X' type WOL tough-
NESS SPECIMEN. « « o o & o o o o o o o o o o

155

Page

201

202

159
161

162

164

164

165

166

166

167

169

171

17h



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

13.

1h.

15,

16.

17.

18.

19.

20.

21.

22.

23.

LIST OF FIGURES (Cont.)

Temperature dependence of 0.2% yield
strength, charpy impact energy and Kjyc
fOI‘ HP-9-)+"25 Steel . . . ] . . 3 . 3 .

Temperature dependence of 0.2% yield
strength, charpy impact energy and KI
for Ti-6AL-4V titanium. . « . . . . + .

Temperature dependence of 0.2% yield
strength, charpy impact energy, and K
for 7079-T6 alUJHlnum s e & & ¢ s & 2 o

Numerical constant "C3' as & function of

the ag/W ratio for the "T" type WOL tough-

ness specimen « . « ¢ + ¢ 4+ 4 4 4 s e e

Dimension designations for the "T" type
WOL toughness specimen. + « « « « + o« «

Typical load.displacement curve
indicating deviation prior to rapid
failure « o ¢ o s ¢ ¢ 4 2 e 6 e s o0 . e

Typical load displacement curve
indiceting deviation prior to "Pop-In".

Load displacement curve indicating
"Pop-In" prior to deviation . . . . . .

Room temperature fracture appearance of
HP-9-4-25 steel WOL toughness specimens

Room temperature fracture appearance of

Ti-6AL-LV titanium WOL toughness specimens.

Room temperature fracture appearance of
T079-Té aluminum WOL toughness specimens

156

Page

177

177

178

179

180

181
182
183

186

,187

188



Section 7.2
GENERATION OF K1e DATA

T.2.1 MATERIAL
In order to supplement the fracture toughness data accumulated
as a result of the literature survey, three high-strength forging alloy
systems representative of those materials which appear promising for
future military vehicle applications were selected for further investi-
gation. These materials represent relatively new alloys for which a very
limited amount of valid fracture toughness data are available. The alloys
selected for the experimental program were:
HP-9Ni-4Co-.25C Steel
7079-T6 Aluminum
Ti-6A1-4V Titanium
The HP-9-4-25 steel was selected as representative of the high-
strength, high-alloy martensitic steels presently receiving considerable
attention for many critical applications. The titanium-base alloy,
Ti-6A1-4V, was selected to represent the more commonly used heat-treatable
alpha-beta titanium high-strength alloys; and aluminum alloy TO79-T6 was
selected as representative of the high-strength, heat-treatable alumimm
alloys.
' The chemical compositions of each alloy heat involved in the

investigation are given in Table I.

Section 7.2 Table I
CHEMICAIL ANALYSIS OF ALIOYS

C Mn P S Si Ni Cr Mo v Co
HP-9-4-25 0.26 0.33 0.008 0.008 0.01 8.41 0.40 0.48 0.07 3.9

Cu Fe Si Mn Mg Zn Cr Ti Al
7079-T6 A1 0.kL- 0.10- 0.29- 3.8- 0.10-
(Nomina1) 0.8 9% 93 030 0,37 4.8 o.e5 0-10 Bsl.
C Fe N Al Va 1 0
Ti-6A1-4V 0.023 0.13 0.01k4 6.3 L1 0.004 0.17
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The steel (HP-9-4-25) was supplied as two pieces, 18" x 24",
and one piece, 8" x 12", of three-inch-thick consumable electrode vacuum
melted forged plate in the quenched and tempered condition. The heat
treatment involved austenitizing at 1550°F for one hour, oil quenching,
and double tempering two hours at 1000°F followed by an air cool.

The 7079-T6 aluminum alloy was supplied as three pieces,

18" x 24", of three-inch-thick forged plate -in the solution treated and
aged condition., The heat treatment consisted of solution treating at
830°F for four hours, water quenching, and aging at room temperature for
five days plus 48 hours at 240°F.

The titanium (Ti-6A1-4V) was supplied as one piece, 12" x 36",
of three-inch-thick forged plate in the solution treated and aged condition.
Heat treatment involved solution treating at 17SO°F for one hour, water
quenching and aging at 1000°F for four hours. A sumsary of the alloy heat
treatments and the resulting room temperature tensile properties are given
in Table II. Figure 1 shows the typical as-received microstructure of
each alloy. |

Section. 7.2 Table 11
HEAT TREATMENT AND ROOM TEMPERATURE TENSILE PROPERTIES
(3"-Thick Forged Plate)

0.2% Ultimate
Yield Tensile
Test Strength  Strength
Alloy Heat Treatment Direction psi psi
HP-9-4-25 Austgnitized 1l hr - Longitudinal 176,000 184,000
1550F. 0il quenched, s
double tempered 2 hr Transverse 177,000 186,000
1000°F. Air cooled. Short Trans. 175,000 185,000

Ti-6A1-4V Solution treated 1 hr ILongitudinal 143,000 150,000

1750°F, water quench.
Aged 4 hr 1000°F Transverse 145,000 154,000

Al1-TO0T79-T6 Solgtion treated 4 hr Longitudinal 65,500 76,900
830°F, water guench.
Aged 5 days TSOF plus Transverse 62,000 74,000
L8 nr 24LOOF
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T.2.2 SPECIMEN PREPARATION

The experimental investigation conducted in conjunction with
the overall program involved the determination of the major strength and
toughness parameters for the steel (HP-9-4-25), aluminum (7079-T6), and
titanium (Ti-6A1-4V) alloys described above. The parameters investigated
included the tensile properties, the Charpy V-notch impact properties,
the plane strain fracture toughness and the slow crack growth character-
istics under cyclic loading (Sec. 7.3).

The tensile properties were determined using the smooth tensile
specimens shown in Figure 2. The steel (HP-9-4-25) tensile specimens
were prepared in accordance with Figure 2(a) (0.252" diameter); the titanium
specimens with Figure 2(b) (0.356" diameter) and the aluminum specimens
with Figure 2(c) (0.505" diameter).

All of the Charpy V-notch impact date were determined using the
standard Charpy specimens shown in Figure 3.

In view of the number of fracture toughness specimen designs
available capable of providing satisfactory plane strain toughness data,
it was necessary to review each design as to its relative merits with
respect to the proposed investigation prior to selecting a specimen. The
basic criteria for the selection of the most efficient specimen design
were established as follows: (a) availability of a satisfactory fracture
mechanics analysis; (b) demonstrated capability for valid KIc determina-~
tion; (c¢) minimum volume of material required; and (d) relatively low load
requirements. In addition, some consideration was given to the applica-
bility of the specimen for slow crack growth measurements under cyclic
loading.

A comparison of the available specimen designs resulted in the
selection of the Wedge-Opening-Loading (W.0.L.) type fracture toughness
specimen. This specimen quite adequately satisfies the established speci-
men requirements with no exceptions. Extensive stress analysis, photo-
elastic studies and demonstrated capability ensure the reliability of the
specimen to plane strain fracture toughness testing.(l’2’3’h’5) The com-
pact geometry of the specimen provides a minimum material volume requirement
along with relatively low loads and the specimen is particularly applicable

to slow crack growth measurement (see Appendix II).
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